Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-6-2021

Penstemon's Centromeric Histone 3 variation and the impact of
soil steaming on high tunnel tomato production
Xin Ye
yexin2011@gmail.com

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Ye, Xin, "Penstemon's Centromeric Histone 3 variation and the impact of soil steaming on high tunnel
tomato production" (2021). Theses and Dissertations. 5292.
https://scholarsjunction.msstate.edu/td/5292

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Template B v4.3 (beta): Created by T. Robinson 01/2021

Penstemon’s Centromeric Histone 3 variation and the impact of soil steaming on high tunnel
tomato production
By
TITLE PAGE
Xin Ye

Approved by:
Shaun R. Broderick (Co-Major Professor)
Richard L. Harkess (Co-Major Professor)
Guihong Bi
Zhaohua Peng
Sorina C. Popescu
Michael S. Cox (Graduate Coordinator)
Scott T. Willard (Dean, College of Agriculture and Life Sciences)

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Horticulture
in the Department of Plant and Soil Sciences
Mississippi State, Mississippi
August 2021

Copyright by
COPYRIGHT PAGE
Xin Ye
2021

Name: Xin Ye
ABSTRACT
Date of Degree: August 6, 2021
Institution: Mississippi State University
Major Field: Horticulture
Co-Major Professors: Shaun R. Broderick and Richard L. Harkess
Title of Study: Penstemon’s Centromeric Histone 3 variation and the impact of soil steaming on
high tunnel tomato production
Pages in Study: 148
Candidate for Degree of Doctor of Philosophy
We evaluated the genetic diversity of Penstemon’s Centromeric Histone 3 (CENH3), which
localizes to chromosome centromeres in eukaryotes. From RNA extractions of 56 species, we
successfully amplified two CENH3s (termed CENH3a and CENH3b), which share approximately
69% sequence homology across the length of the gene and about 85% across the histone fold
domain (HFD). CENH3a is generally 72 bp longer than CENH3b and contains seven exons while
CENH3b is made of five. Unlike studies of CENH3 in other plants, Penstemon’s CENH3 N-tail
was found to be highly conserved, indicative that the genus has undergone a short evolutionary
history. Surprisingly, of the 99 CENH3 sequences obtained during this study, 32 appeared to be
mis-spliced and contained premature stop codons. Of those aberrant transcripts, 84.4% originated
from CENH3b genomic DNA. Most mis-spliced transcripts resulted from the retention of all or
part of an intron. In some cases, all or portions of an exon were missing, including one that was
missing the L1 motif.
Second, we systematically cataloged interspecific breeding data in Penstemon, on which
we then conducted a network analysis. The resulting network provides breeders with a better
visualization of successful parental combinations and also identifies gaps in interspecific breeding.

This method allowed for the identification of species with a high degree of interspecific
compatibility, which we compared to the CENH3 sequencing data.
Finally, we studied the performance of soil streaming in high tunnel production of tomatoes
(Solanum lycopersicum L.). Our experiments revealed that soil steaming and mulch reduced weed
coverage of Palmer amaranth (Amaranthus palmeri S. Watson), large crabgrass (Digitaria
sanguinalis L.), and yellow nutsedge (Cyperus esculentus L.). Steam and mulch increased the
tomato plant size, fruit size, fruit number, and fruit yield. Additionally, soil steaming reduced
tomato southern blight, caused by Sclerotium rolfsii, by 5.8-fold. These findings provide promising
results for high tunnel tomato producers, particularly those involved in organic production where
pesticide and fumigation use is limited.
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CHAPTER I
INTRODUCTION
Penstemon
Penstemon is a U.S. native wildflower, which contains nearly three hundred species found
across an expansive distribution in North America. Its prolific speciation is thought to be driven
by pollinator pressures (Wolfe et al., 2006). However, the underlying molecular mechanisms in
place that have allowed for prolific speciation to occur are not understood. Penstemon is reported
to have been in the horticultural trade since 1870, but over nearly 150 years only a few species are
produced and regularly sold in the horticultural industry (Way & James, 1998). Many
commercially valuable characteristics, such as stress tolerance, disease resistance, and scent, are
lacking in today’s commercially available cultivars. Additionally, interspecific crosses are
impeded by species barriers that prevent the introgression of many favorable traits. For example,
the endangered Penstemon haydenii, which have vanilla-scented flowers, has not been successfully
bred into any commercially available Penstemon cultivars (Stubbendieck et al., 1993). Therefore,
documenting and testing interspecific crosses would aid breeders in selecting compatible parental
lines for interspecific breeding and may lead to the development of methods that can be used to
predict the compatibility of parental lines. Such an effort would enable favorable traits to be
incorporated into landscape-adapted cultivars at a much faster rate. Penstemon not only has
economic value in the horticulture industry, but also is a potential model genus for exploring
speciation and the mechanisms that allow extensive genomic plasticity and adaptation.
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At the molecular level, interspecific crosses require the genomes of the species to be
recognized by cellular machinery. Centromeric Histone 3 (CENH3), which is localized to
chromosomal centromeres in eukaryotes, marks the centromere so DNA can be properly
segregated during cell division by the microtubules (Neumann et al., 2015). Genetic divergence of
CENH3 affects fertility of interspecific crosses (Sanei et al., 2011; Kuppu et al., 2015). In
Arabidopsis, N-terminal tails of CENH3 that are too divergent between two species will not
successfully intercross. Chromosomes from an incompatible parent are lost during subsequent cell
divisions and no viable seeds are formed. Therefore, the hypervariable region of CENH3 can act
as a reproductive barrier between species (Kuppu et al., 2015; Tan et al., 2015). To date, there are
no studies of this gene in Penstemon.
The overall goal of our research is to identify CENH3 in Penstemon, explore the sequence
diversity across the genus, and compile interspecific crossing data within the genus. These studies
may guide future Penstemon breeding to explore novel interspecific crosses or to be able to predict
compatibility of parental lines in interspecific crosses.
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Soil steam sterilization
High tunnels have been widely used on small-scale farms for vegetable production,
including early-season tomatoes (Waterer, 2003; Carey et al., 2009; Conner et al., 2010; Waldman
et al., 2012). Not only do they extend the season and provide a good environment for production,
they also reduce weeds and diseases. Weeds reduce tomato yields, but some species reduce yields
more than others (Monaco et al., 1981). Palmer amaranth and nutsedge spp. are common
troublesome weeds for crops in the United States and Canada (Van Wychen, 2019). In Mississippi,
yellow nutsedge and large crabgrass are among the five most common weeds in tomato production
(Van Wychen, 2016). Garvey et al. (2013) reported competition from Palmer amaranth reduced
the total and marketable yield of tomatoes. At least five different herbicide-resistant modes of
action have been reported in Palmer amaranth, and two of them have been found in Mississippi
(Nandula et al., 2012; Ribeiro et al., 2012; Ward et al., 2013).
In addition to weeds, soilborne diseases are also problematic for tomato production in high
tunnels. Southern blight is one of the most destructive soilborne fungal diseases in the southeastern
United States, which is caused by Sclerotium rolfsii. It is very difficult to control with pesticides,
and it has a wide host range (including more than 500 plant species across 100 plant families).
Furthermore, it can remain viable for several years in the soil, even under severe conditions
(Aycock, 1966). It has been reported that at least six southern blight resistant tomato lines have
been found, but they have not been adopted into regular cultivation (Leeper et al., 1992).
Over time weeds and diseases can build up in the soil to levels that make tomato production
unsuccessful. These pressures can be controlled or removed through common methods, such as
fumigation or soil solarization methods. Methyl bromide (MBr) is one of the most effective soil
fumigants to control weeds, soilborne diseases, and pest. However, it has been phased out based
3

on the Montreal Protocol since it was discovered to deteriorate the ozone layer. With increasing
concern about food safety and environmental sustainability, consumer pressures have led to the
rise of organic farming (Maeder et al., 2002; Kristiansen et al., 2006). Many fumigants are not
organically certified; therefore, interest in non-chemical alternatives is increasing.
Soil solarization is a non-chemical alternative; however, it is not as consistent as MBr
(Ristaino et al. 1991; Hartz et al. 1993; Chellemi et al. 1994). Moreover, soil solarization has many
limitations, such as the requirement to solarize the soil for several weeks and is dependent on
stringent weather and climate requirements (Stapleton et al. 2000). Therefore, soil solarization may
not be suitable for regions with regular rainfall, such as Mississippi.
An alternative method for reducing weeds and diseases that is gaining interest is soil
steaming. Steaming as an effective method of soil sterilization was discovered in the 1800s. It was
adopted into commercial use in the United States in 1893 (Baker, 1962). Its application has been
limited due to slow technological development, equipment costs, and difficulties in efficiently
applying the steam to large areas. In recent years, interest in soil steam as an alternative to chemical
treatment has increased. Additionally, the discovery of lower target temperatures (60-80 ℃/ 160180 °F) and shorter durations (no more than 30 min) needed for effective pathogens and weed
control dramatically reduces the negative effect on the soil and has helped make soil steaming
more tenable (Bollen, 1985; Dawson et al., 1965; van Loenen et al., 2003; Vidotto et al., 2013).
The efficacy of soil steaming is impacted by the soil type, climate, steam mechanics, and
other factors and may require optimization. However, there are promising results of its efficacy.
For example, soil steaming has been reported to reduce the incidence of Fusarium oxysporum f.
sp. lycopersici and S. rolfsii by 80% and 68%, respectively, in tomato growth experiments (Luvisi
et al. 2008). Steaming experiments in cut flowers and strawberries has shown that soil steaming is
4

comparable to methyl bromide and chloropicrin (Samtani et al. 2012; Rainbolt et al. 2013). There
have been no reports on soil steam sterilization use in Mississippi. Our objectives are to evaluate
the impact of soil steam sterilization in high tunnel tomato production in Mississippi. We 1)
evaluated the impact of steaming on weed populations; 2) observed the impact of steaming on the
incidence of southern blight; and 3) determined the optimal parameters for the soil steaming.
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CHAPTER II
LITERATURE REVIEW
Penstemon
Background
Penstemon is a large plant genus containing nearly three hundred species adapted to a wide
range of environmental conditions across North America. It was first scientifically described by
Dr. John Mitchell in 1748 (Lindgren & Wilde, 2003). Penstemon species were originally classified
in the Chelone genus by Carl Linnaeus in 1753, but eventually they were redefined as a separate
genus a few years later. The name Penstemon was interpreted as “almost stamen” by Dr. Lloyd
Shinners, which denotes Penstemon’s floral features of four fertile stamens and one staminode
(Way & James, 1998).
To aid in organizing the speciose genus and to aid in species identification, Penstemon is
taxonomically divided into six subgenera: Cryptostemon, Dissecti, Penstemon, Habroanthus,
Saccanthera, and Dasanthera (Lodewick & Lodewick, 1999). Species are placed in subgenera
based on anther morphology. And the subgenera are subdivided into sections and subsections
based on a series of morphological features, including flower color, flower or plant size,
inflorescence characteristics, plant habit, and other distinctive plant characteristics (Stevens et al.,
2020). Cryptostemon and Dissecti subgenera are monotypes, which contain only one species in
each subgenus. Dasanthera contains less than 10 species and is not further divided. However,
because the other three subgenera have large numbers of species with complex characteristics, the
9

subgenera are subdivided into sections and are even further divided into subsections. This is
especially the case with subg. Penstemon, which is the largest subgenus and is divided into eight
sections and many subsections.
Penstemon species are native to North America and are found primarily in the United States,
Canada, Mexico, and Guatemala. Some species have adapted to extremely challenging
environmental conditions such as drought, heat, cold, poor nutrient availability, and disease
resistance (Zollinger et al., 2006; Kimball & Campbell, 2009). Additionally, the genus is
morphologically diverse with a broad range of floral, leaf, stem, color, and fragrance
characteristics. Many of these characteristics have commercial value and have the potential to be
used in stressful municipal or landscape conditions or that have improved morphologies. For
example, many Penstemon species are drought and heat tolerant, and can be used in xeriscape
gardens, rock gardens, or as pioneer species in a desert environment (Dodge, 1958). Lindgren
(2000) indicated that Penstemon species native to Mexico have disease resistance and can be used
for breeding disease resistance lines for wet, humid climates. Additionally, these Mexican-native
species increase Penstemon’s floral color pallet and are attractive to different pollinators, which
increases its value as a garden plant (Castellanos et al., 2004; Parachnowitsch & Kessler, 2010;
Cardona et al., 2020).
History of Penstemon breeding
Although Penstemon’s habitat is North America, its use as an ornamental plant really took
hold in Europe in the early 19th century. The first hybrid cultivar of Penstemon, called ‘Penstemon
Hybridum’, was developed in 1835 and was followed by a succession of new Penstemon cultivars
that emerged in Europe over the next 20 years (Way & James, 1998). These cultivars were
offspring from six Mexican-native species, and they were readily characterized by their large,
10

showy flower (Way & James, 1998; Stevens et al., 2020). Many of these European Penstemon
cultivars are still popular today.
Over time more Penstemon species have been used for commercial breeding. Since the
introduction of the Penstemon species from Mexico to Europe in the early 19th century, it has
developed into a popular ornamental plant, especially in urban landscapes. In 1835, the first hybrid
cultivar of Penstemon, called ‘Penstemon Hybridum’, was reported in the British Flanagan &
Nutting advertising catalog (Way & James, 1998). In the subsequent 20 years, a succession of new
cultivars had emerged in Europe. The early prominent Penstemon hybrids were all progeny of six
species, including P. hartwegii, P. gentianoides, P. cobaea, P. campanulatus, P. kunthii, and P.
murrayanus (Way & James, 1998; Stevens et al., 2020). The resulting hybrids with P. hartwegii,
P. cobaea, and P. gentianoides parentage were bred for large, showy flowers but most were not
cold tolerant. In the early 20th century, P. isophullus was used as a parental line in the European
hybrids that resulted in cultivars, such as P. ‘Newbury Gem’, which had slightly smaller flowers
(Way & James, 1998). At the same time, breeding work of large-flowered Penstemon resulted in
even larger, brighter flowers and better adaptability, such as cold tolerance (Way & James, 1998).
Nowadays, hundreds of Penstemon cultivars have been developed in Europe, where commercial
breeding of Penstemon is still prevalent and influential.
In the United States, Penstemon did not gain popularity as a garden plant until the early
20th century (Way & James, 1998). In 1946, the American Penstemon Society (APS) was formed,
where they exchanged first-hand cultivation, identification, and breeding information. This led to
a shift in breeding work to include more U.S.-native Penstemon species. Glenn Viehmeyer
pioneered much of this effort. Not only did he successfully create many popular Penstemon
cultivars but also discovered a special hybrid complex named ‘Flathead Lake’, which has been
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used as a parental line to break down genetic barriers between different sections or even subgenera
(Viehmeyer, 1958; Way & James, 1998). Bruce Meyers and Dr. Dale Lindgren continued Dr.
Viehmeyer’s legacy by making their own substantial contributions to U.S.-native Penstemon
breeding (Meyers, 1998; Stevens et al., 2020).
Taxonomic, phylogenetic, and breeding challenges
Currently, Penstemon has a market value of more than $3.7 million, and ranks 25th of 42
among potted herbaceous perennials (U.S. Department of Agriculture, 2020). Its revenue is
generated primarily from only a few prominent cultivars that represent only a small percentage of
the genus, but hundreds of species within the genus contain valuable characteristics that have not
been used in breeding programs to improve Penstemon cultivars in the trade (Lindgren, 2000). For
breeders, selecting parental combinations from a large genus can be daunting because of the
number of possible parental combinations. Nearly 180,000 interspecific combinations exist, but
not all interspecific combinations will result in successful hybridization. Therefore, Penstemon
breeders must select parental lines without having many tools to assist in their decision-making
process. Current methodologies involve cataloging reports of interspecific hybridization; however,
this method provides more of a historical record of successful crosses rather than a true reflection
of possible combinations.
While useful for cataloging and identification purposes, taxonomic groups are not always
reflective of the evolutionary history of among species and do not necessary denote their true
genetic relationsips. Phylogenetic analyses aid in unraveling the evolutionary relationships among
species relationships in Penstemon and may be useful in informing breeders in parental selection
(Dockter et al., 2013; Blischak et al., 2014; Rodríguez-Peña et al., 2018).
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Wolfe et al. (2006) compared Penstemon’s taxonomy and phylogeny, which was
constructed using DNA of a non-coding internal spacer (ITS) and regions of chloroplast DNA
(cpDNA) among Penstemon species. The data revealed that the taxonomic classifications are not
reflective of the phylogenic data. They also concluded that Penstemon has undergone rapid and
recent speciation. Both ITS and cpDNA phylogenies placed subg. Dasanthera in a separate clade
from the other Penstemon subgenera. Also, species in subg. Saccanthera were placed in a subclade
in subg. Penstemon that contained some species of subg. Penstemon sect. Penstemon (Wolfe et
al., 2006). Additionally, species in different sections of subg. Penstemon showed similar patterns
in terms of congregating toward terminal clades. These data demonstrate that subg. Dasanthera is
the only genetically distinctive group of species within the genus. This does not mean that
taxonomic groups are not useful, but that they are not necessarily representative of the evolutionary
history of Penstemon. Taxonomic groups aid in simplifying and categorizing Penstemon species.
Despite these findings, Lindgren and Schaaf (2007) concluded that interspecific
hybridization will likely be more successful between species within the same subgenus or section.
On the other hand, the phylogenic data demonstrated that the taxonomic organization for this genus
is not parsimonious and are not necessarily reflective of species compatibility (Wolfe et al., 2006).
For example, there are documented cases that reproductive barriers exist between species
belonging to the same subgenus and section. For example, P. centranthifolius and P. spectabilis
will not readily cross, but the reason for their incompatibility remains unknown (Chari & Wilson,
2001).
Centromeric Histone 3
At the molecular level of interspecific crosses, a reproductive barrier is often associated
with improper chromosomal segregation, which typically results in unsuccessful hybridization
13

during cell division (Zamariola et al., 2014). Black and Bassett (2008) proposed that if specific
regions within CENH3 mutated, it could cause abnormal chromosome segregation during cell
division. They concluded in their studies that reproductive barriers between species were directly
associated with CENH3.
Centromeres are required for kinetochore formation. Kinetochores are composed of the
proteins that surround the centromere. These protein scaffolds act as a docking station for spindle
fibers to attach to chromosomes so the sister chromatids can properly separate during mitosis and
meiosis (Verdaasdonk & Bloom, 2011). The position of centromeres is highly conserved for the
stable inheritance of genetic information, even through hundreds of generations of cell division.
Plant and animal centromeres are both epigenetically specified by CENH3 (Amor et al.,
2004; Cleveland et al., 2003; Zhang et al., 2009). They play a crucial role in identifying and
conserving centromeric chromatin (Lermontova et al., 2015). Black and Bassett (2008) identified
mutations in CENH3 that caused chromosome missegregation during cell division. Cells lacking
CENH3 do not form kinetochores at the centromere (Allshire & Karpen, 2008).
In contrast to the highly conserved canonical Histone 3, CENH3 is highly divergent and
evolves more rapidly. The CENH3 protein can be divided into the more conserved C-terminal
histone fold domain (HFD) and the highly variable N-terminal domain (Henikoff et al., 2000).
Variation of CENH3 has been observed not only between species, but within different accessions
of the same species. Additionally, it has been observed that CENH3 provides a certain degree of
adaptive evolution, predominantly located within the N-terminal domain (Malik & Henikoff, 2001;
Neumann et al., 2015). Nagaki et al. (2010) used a cluster analysis to contrast CENH3’s structures
from four different species, which included A. thaliana, Nicotiana tabacum, Oryza sativa, and
Luzula nivea. They observed that the N-terminal region of different CENH3s varied greatly among
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all 4 species. Utilizing two CENH3 orthologs from diploid progenitor species, Hirsch et al. (2009)
cloned them into various allotetraploid rice species. Allopolyploidy did not alter the expression of
CENH3 in rice species, which implies that CENH3 has stabilized lineage-specific adaptive
evolution. Recently, Maheshwari et al. (2015) used A. thaliana to demonstrate that the lineagespecific evolution of CENH3 has the potential to cause non-viability and sterility of progeny during
interspecific crosses with karyotypic variation. Therefore, the lineage-specific diversification of
CENH3 could contribute to the genetic diversification and reproductive barriers.
A surprising phenomenon of centromere incompatibility of interspecific crosses is the
elimination of one of the parental genomes resulting in haploid cells. The ploidy of these cells can
be doubled to create homozygous lines in a single cross from heterozygous parental lines, which
eliminates several generations of inbreeding. Ravi and Chan (2010) studied the role of CENH3 in
uniparental genome elimination. Crosses between transgenic A. thaliana containing a green
fluorescent protein (GFP)-tagged CENH3 and wildtype parents induced haploidization. Ravi et
al.'s (2010) research using GFP-tagged CENH3 and chimeric CENH3 revealed that CENH3 has
stringent evolutionary requirements for functional complementation even between closely related
species. Because CENH3 is not readily packaged at the centromeres of the divergent parent during
interspecific crosses, microtubules are unable to bind to chromosomes, resulting in their loss (Sanei
et al., 2011). Although Maheshwari et al. (2015) demonstrated that GFP-tagged CENH3 was not
completely complementary to the wildtype in cenh3 mutants, they used natural divergence in
CENH3 to demonstrate genome elimination.
Divergent CENH3 can result in the formation of postzygotic reproductive barriers.
Specifically, divergence in the N-terminal tail of CENH3 is responsible for producing a
reproductive barrier. For example, in A. thaliana parental lines with greater divergence at in
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CENH3’s N-tail resulted in parental lines with lower fertility rates and hybridization success.
(Maheshwari et al., 2015). This suggests that plants with divergent tails may become genetically
isolated and potentially speciate. This may be a method of speciation and could explain why plants
(including Penstemon) can be genetically similar but not able to hybridize easily. Although many
species of Penstemon can be successfully crossed, many species that appear to be genetically
similar are unable to readily hybridize (Chari & Wilson, 2001; Widmer et al., 2009).
Recently, Kuppu et al. (2015) aligned the CENH3 protein sequences of more than fifty
plants species to identify the conserved region of CENH3. They verified that the HFD is relatively
conserved across species even when the tail region is highly variable. Moreover, they altered a
single, highly conserved amino acid residue in HFD of CENH3 in Arabidopsis. The mutation in
CENH3 did not affect mitosis or meiosis in self-crosses. However, because of postzygotic
incompatibility, mis-segregation in the F1 hybrid produced haloids when crossed to the wildtype.
Their research once again suggests that natural variation in CENH3 may result in reproductive
isolation. Additionally, the highly conserved region of CENH3 has potential to determine
compatibility between species.

Soil steam
Weed pressures in high tunnel tomato production
Weeds compete with crops for water, light, nutrients, and space, which can result in
considerable yield loss (van Heemst, 1985). High tunnels, which extend the growing season of
crops and provides shelter from excessive rain, can be a barrier to restrict the entry of weeds.
Generally, the density of weeds is inversely correlated to tomato yield. Monaco et al. (1981)
reported that some weeds reduce tomato yield more than others. In the United States and Canada,
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the most common and troublesome weeds in most crops are Palmer amaranth and nutsedge spp.
(Van Wychen, 2019). The most common weeds in tomato production in Mississippi are yellow
nutsedge and large crabgrass (Van Wychen, 2016). The main reproductive method of yellow
nutsedge is through underground vegetative propagules (Chase et al., 1998). They are difficult to
control and can lead to a 34% loss in tomato fruit dry weight (Morales-Payan et al., 2003). For
large crabgrass, adventitious roots at the stem nodes allow it to spread quickly and overtake other
plants in the field. Under large crabgrass competition, tomato production can decrease by 75%
(Monaco et al., 1981). Garvey et al. (2013), reported that both the marketable and total yield of
tomatoes declined under Palmer amaranth competition. In addition to rapid growth, Palmer
amaranth also developed herbicide resistance that makes it harder to control (Ward et al., 2013).
To date, at least five herbicide resistance modes of action in Palmer amaranth have been reported,
two of which have been found in Mississippi (Nandula et al., 2012; Ribeiro et al., 2012; Ward et
al., 2013). Black (or colored) plastic mulch is commonly used to reduce weed populations in
tomato production. Although effective against most weeds, nutsedge can penetrate plastic mulch
and develop into large populations, especially under organic production.
Southern blight in high tunnel tomato production
In addition to weeds, diseases, insects, pests, and soilborne diseases reduce tomato high
tunnel production. Fusarium wilt, verticillium wilt, and bacterial wilt are common soilborne
pathogens in tomatoes, but one of the most destructive in the southeastern United States is southern
blight. It is caused by Sclerotium rolfsii and leads to death of 7% to 70% of tomato plants, typically
just prior to fruit ripening (Rolfs, 1893).
Sclerotium rolfsii is reported to survive temperatures from 4 ℃ to 40 ℃ and is highly
infectious between 20 ℃ to 35 ℃. Besides soil temperature, moisture also has a significant impact
17

on the growth of S. rolfsii. It is difficult to control southern blight, which can remain viable for
several years even under extreme conditions. Additionally, it has a wide host range, which includes
more than 500 plants species (Aycock, 1966; Ayed et al. 2018). Six southern blight resistant
tomatoes lines have been reported, but none of them are widely used (Leeper et al., 1992).
Methyl bromide (MBr) and alternatives
A variety of methods have been developed to reduce soilborne diseases. One common
method in tomato, strawberry, and bell pepper production is soil fumigation via methyl bromide
(MBr). Unfortunately, MBr depletes ozone; therefore, the United States Environmental Protection
Agency is phasing out its production and use (US EPA, 2015). MBr alternatives include 1,3dichloropropene, chloropicrin, and dimethyl disulfide, but these are typically mixed with
additional fumigants or pesticides to expand the spectrum of targeted organisms (Sande et al.,
2011). Soil fumigants also negatively impact beneficial insects, animals, the environment, and
human health (Alberto et al., 2016; Centner et al., 2019; Wagner & Nelson, 2014).
While chemicals are commonly used soil fumigants, there are also chemical-independent
methods. These include anaerobic soil disinfestation (ASD) and naturally produced biocides
(NPB). ASD is accomplished by applying a carbon source, such as wheat bran or molasses, to the
field, irrigating it to field capacity, and covering the soil with a plastic tarp for several weeks
(Strauss & Kluepfel, 2015). NPB are typically obtained from seed meal or the aboveground
biomass of glucosinolate-containing plants (such as Brassica crops). When applied to the soil, they
reduce soilborne fungi, nematodes, and wireworms (Sanchi et al., 2005; Matthiessen &
Kirkegaard, 2006; Larkin & Griffin, 2007; Lazzeri et al., 2009; Zasada et al., 2009; Furlan et al.,
2010). MBr alternatives are typically more expensive, less effective, and may not be economical
or practical for certain crops or farms (Sande et al., 2011).
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Soil solarization
Consumer demand for organic food has accelerated interest in alternatives to synthetic
pesticides and fumigants. Crop rotation is a method used to reduce soilborne disease and weed
pressures, but S. rolfsii typically is not controlled using this method because it has a broad host
range and is viable for several years in the soil. A pesticide-free method for controlling it is soil
solarization, which uses the solar energy to heat the soil to temperatures hot enough to control
weeds, diseases, and pests. Soil solarization can be effective, but results are sometimes inconsistent
and may not be as useful as chemical fumigation (Chellemi et al., 1994; Hartz et al., 1993; Ristaino
et al., 1991). It also has limitations in climates with frequent rainfall or temperate weather and
requires several weeks to take effect (Stapleton et al., 2000). For example, in Mississippi the
summer months are hot and humid, but it can be challenging to solarize properly due frequent
rains. While it can be used in Mississippi, solarization may not be an effective and reliable soil
sterilization method.
Advantages of soil steam sterilization
Since the 1800s, steam has been used as an effective method of soil sterilization (Baker,
1962). For this method, steam from a generator is used to heat soils to temperatures sufficient for
killing weeds, bacteria, fungi, and pathogens. However, due to technological constraints and
equipment costs, its application has been limited. Interest in soil steaming has re-emerged in recent
years as farmers move away from MBr and other chemical fumigants. Soil steaming kills most
organisms once soils reach 100 °C. However, such high temperatures also kill most beneficial
microorganisms and causes the released of toxic manganese and ammonia, resulting in a biological
vacuum in the soil that is more prone to the re-infestation of pests and pathogens. (Baker, 1970;
Gamliel & van Bruggen, 2016; Messing, 1965; Roux-Michollet et al., 2008). Steaming durations
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of less than 30 minutes at lower target soil temperatures (60-80 °C/160-180 °F) are found to not
only be effective at killing most pathogens and weeds, but also greatly reduce the negative impact
on the soil (Bollen, 1985; Dawson et al., 1965; van Loenen et al., 2003; Vidotto et al., 2013).
Compared to the conventional chemical methods, soil steaming offers several advantages.
Most notably, it is safer than non-chemical methods to the environment. While steam can cause
burns, water is not toxic to both the environment and to the workers who apply the steam. It has
no chemical residual and field re-entry time. As soon as the temperatures of the soil drop back
down, crops can be planted in the soil. Compared to soil solarization, soil steaming can be
completed in a much shorter time. Additionally, like MBr, soil steaming is capable of targeting a
broad spectrum of living organisms and typically does not require additional chemical
applications.
Studies on strawberries and cut flowers have shown that soil steaming’s effectiveness is
comparable to MBPic (methyl bromide and chloropyridine), which is a standard fumigation
combination used to reduce weed density and weed viability (Rainbolt et al., 2013; Samtani et al.,
2012). Soil steaming reduces the occurrence of Fusarium oxysporum f.sp. and S. rolfsii by 80%
and 68%, respectively (Luvisi et al. 2008). To date, we are not aware of any reports on high tunnel
soil steaming use in Mississippi.
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CHAPTER III
PENSTEMON’S CENTROMERIC HISTONE 3 VARIATION AND ABERRANT RNA
SPLICING
Abstract
Penstemon sp. (Schmidel) is a U.S. native wildflower, which contains approximately 280
species found across North America. Penstemon’s prolific speciation is thought to be driven by
pollinator pressures. However, the underlying molecular mechanisms in place that have allowed
for prolific speciation to occur are still not understood. At the molecular level, interspecific crosses
require recognition of pollen genome by the cellular machinery of the ovule. Centromeric histone
3 (CENH3) localizes to chromosome centromeres in eukaryotes. It marks the centromere so
chromosomes can be segregated correctly during cell division by microtubules. CENH3’s Nterminus (N-tail) has been shown to diverge rapidly and is hypervariable. Divergence of this region
can result in infertility. To date, there are no studies of this gene in Penstemon. From RNA
extractions of 56 species, we successfully amplified two CENH3s (termed CENH3a and CENH3b),
which share approximately 69% sequence homology across the length of the gene and about 85%
across the histone fold domain (HFD). CENH3a is generally 72 bp longer than CENH3b and
contains seven exons while CENH3b is made of five. The HFD in both types of CENH3 is highly
conserved (97.6% for CENH3a and 98.1% for CENH3b). Unlike studies of CENH3 in other plants,
Penstemon’s CENH3 N-tail was also found to be highly conserved (96.7% for CENH3a and 96.5%
for CENH3b), indicative of a short evolutionary history. The regions containing the most
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considerable variation in CENH3 were the α1 and loop 1 (L1) regions, which are the regions shown
in other organisms to bind directly to DNA. Surprisingly, of the 99 CENH3 sequences obtained
during this study, 32 appeared to be mis-spliced and contained premature stop codons. Of those
aberrant transcripts, 84.4 % originated from CENH3b genomic DNA. Most mis-spliced transcripts
resulted from the retention of all or part of an intron. In some cases, all or portions of an exon were
missing, including one that was missing the L1 region. More research will be necessary to
determine the function of CENH3a, CENH3b, and mis-spliced transcripts in Penstemon.
Introduction
Penstemon contains approximately 280 species. It belongs to Plantaginaceae and is widely
distributed in North America, but most of the species are distributed in the Intermountain West,
mainly radiating from the Rocky Mountains. Many Penstemon species live in locations
inhospitable to other plants because of extreme drought, heat, cold and poor soils (Zollinger et al.,
2006). Prolific speciation of Penstemon is thought to be driven by pollinator pressures in a
relatively short time (Castellanos et al., 2003; Wolfe et al., 2006). As a result, many Penstemon
species are morphologically diverse in floral, leaf, stem, color, and fragrance characteristics
(Kimball & Campbell, 2009).
Penstemon is divided into six taxonomic subgenera: Cryptostemon, Dissecti, Penstemon,
Habroanthus, Saccanthera, and Dasanthera (Lodewick & Lodewick, 1999). To date, Penstemon’s
taxonomic groups are not parsimonious with the phylogenetic data generated from the internal
transcribed spacer (ITS) region or chloroplast DNA (Wolfe et al., 2002, 2006). These common
taxonomic DNA markers are not thought to be involved in reproduction or speciation.
At the molecular level of interspecific crosses, the cell division machinery of the maternal
plant must recognize the paternal chromosomes for successful hybridization. In eukaryotes,
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Centromeric Histone 3 (CENH3) localizes to the centromere of chromosomes. Microtubules bind
to the centromeres and properly segregate the DNA during cell division (Neumann et al., 2015).
Genetic divergence of CENH3 affects the fertility of interspecific crosses (Sanei et al., 2011;
Kuppu et al., 2015). CENH3 is typically divided into two domains: the highly variable N-terminus
(N-tail) and the conserved C-terminus histone fold domain (HFD). Kuppu et al. (2015) aligned the
CENH3 protein sequences of more than 50 plant species to identify conserved regions of CENH3.
They verified that the HFD is relatively conserved across species, while the N-tail is highly
variable. Maheshwari et al. (2015) demonstrated that Arabidopsis with highly divergent CENH3
N-tails are not capable of producing interspecific hybrids. Chromosomes from the incompatible
parent are lost during cell division frequently resulting in haploid, aneuploid, or aborted seeds.
Therefore, the hypervariable region of CENH3 can act as a reproductive barrier between species
(Kuppu et al., 2015; Maheshwari et al., 2015), and suggests that CENH3 could be an underlying
factor in speciation. Also, because of its hypervariable nature, CENH3 could be utilized for
phylogenetic analyses. To date, there are no studies of this gene in Penstemon, despite undergoing
prolific speciation. We aimed to identify expressed CENH3 orthologs from an array of Penstemon
species and study the variation of this gene as a potential alternative or additional genetic locus for
developing phylogenies in Penstemon.
Materials and Methods
Penstemon seed or plant tissue from 62 species (82 accessions) were obtained from Dr.
Mikel Steven’s lab (Brigham Young University) and the GRIN-global database. Seed germination
was induced by imbibing seeds in 1000 mg·L⁻1 gibberellic acid (Merck KGaA, Darmstadt,
Germany) for 24 hours. They were subsequently rinsed with nanopure water, sown in 72-well trays,
and kept moist until they germinated. Tissue samples were propagated from stem cuttings in
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perlite-filled plug trays, using 0.1% indole-3-butyric acid (RootBoost, TechPac, Atlanta, GA,
USA) to induce root generation. Cuttings were kept moist on a misting bench until roots developed.
RNA isolation and cDNA amplification
RNA was extracted from new, but fully expanded Penstemon leaf tissue using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA). Tissue was ground in liquid nitrogen, and extraction
was carried out per the manufacturer’s protocol. Initially, degenerate primers were designed using
conserved regions identified from several CENH3 sequences obtained from GenBank from several
diverse plant species. Antirrhinum major (AJ798909), Arabidopsis arenosa (AF465802), A.
thaliana (AF465800), Erythranthe guttata (XM_012999691), Nicotiana sylvestris (AB467328),
N. tomentosiformis (AB467329), Solanum lycopersicum (BG127218), and Vitis vinifera
(XM_002281037) were aligned using MUSCLE in Geneious 9.1.8 (https://www.geneious.com
Biomatters, Auckland, New Zealand). Once Penstemon genomic DNA (gDNA) sequence data was
available, degenerate forward and reverse polymerase chain reaction (PCR) primers were designed
using conserved regions of the coding sequence (Table A.1). One-step PCR was conducted using
total RNA as the starting material and a Superscript III One-Step RT-PCR with Platinum Taq
System (Invitrogen, Carlsbad, CA, USA). This system first reverse transcribes the RNA to cDNA
and then is proceeded by a PCR to amplify the gene of interest. For our primers we used the
following steps: 55 °C for 30 min; 94 °C for 2 min followed by 40 cycles at 94 °C for 25 s,
annealing temperature (46 °C) for 30 s, and 68 °C for 1 min; and a final extension 68 °C for 15
min.
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Cloning and sequencing
The PCR products were cloned using a pCR 4.1 TOPO TA cloning kit (Invitrogen,
Carlsbad, CA, USA) to maintain sequence fidelity and improve sequencing quality. After ligation
at 4 °C overnight, the vectors were transformed into E. coli (DH5α; Life Technologies, Carlsbad,
CA, USA) and plated on selective Luria Bertani (LB) agar (10 g·L⁻1 tryptone, 5 g·L⁻1 yeast
extract, 10 g·L⁻1 NaCl, 15 g·L⁻1 agar, pH 7.0) containing 50 mg·L⁻1 kanamycin. After plating,
the bacteria were grown at 37 °C overnight. To screen colonies for successful transformation, PCR
was conducted using a set of nested forward and reverse primers to reduce false-positive
amplification (Table A.1). Up to 10 transformed colonies from each PCR reaction were screened
for the presence of a CENH3 insert. Vectors were isolated from successfully cloned colonies using
a QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany) and sequenced in both directions using
M13 forward and reverse primers (Table A.1). Low-quality sequence ends were trimmed, and the
forward and reverse reads were aligned. The nucleotide Basic Local Alignment Search Tool
(BLASTn) was used to verify the putative ortholog with the non-redundant database in GenBank.
ITS and CENH3 percent identity comparison
Penstemon ITS sequences were obtained from GenBank (Accessions DQ531059,
DQ531061, AF375177, DQ534932, DQ531069, DQ531071, DQ534933, DQ531074, DQ531075,
DQ531080, DQ531082, AF375182, DQ531084, DQ534938, DQ531091, DQ531096, DQ531110,
AF375181, DQ531112, DQ531124, DQ531126, AF375169, DQ531133, DQ531134, DQ531140,
DQ531139, DQ531141, DQ531148, DQ531150, AF375184, DQ531155, DQ531156, DQ531157,
AF375176, DQ531167, DQ531168, DQ531171, AF375179, DQ531174, DQ531175, DQ531176,
DQ531181, DQ531185, DQ531187, DQ531189, DQ531190), which correspond to species for
which CENH3a and CENH3b data was obtained and have been previously published (Wolfe et al.,
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2006). Sequences were aligned in Geneious using the global alignment with the free end gaps
option with a 65% similarity (5.0/-4.0) cost matrix setting to obtain the percent identities. This
alignment process was repeated for CENH3a and CENH3b. A one-way ANOVA was conducted
followed by a Tukey’s multiple comparisons test to compare the percent identities.
gDNA sequencing of Penstemon CENH3
Penstemon barbatus var. torreyi, P. cyaneus, P. dissectus, P. palmeri, P. personatus, and
P. rostriflorus were sequenced using a paired-end (2 x 250) Illumina HiSeq Platform (Illumina
Inc., San Diego, CA). The program PEAR (Zhang et al., 2014) was used to align and merge pairedend reads. Using the local alignment search tool BLAST (Altschul et al., 1990), each sequence
library was converted into a searchable BLAST database. Then, using sequencing data of CENH3a
from P. higginsii, each database was searched using BLAST set to the default parameters. Fully or
partially aligned sequences were obtained and extracted from all six databases via the CENH3
query. Extracted sequences from each species were then assembled, using the cDNA CENH3a as
a reference with the Geneious Map-to-Reference tool. The sequences obtained from each library
were constructed separately, resulting in six assemblies of CENH3 from each of the six sequenced
Penstemon species. Each of the six genes served as a query sequence to obtain regions flanking
CENH3 with the BLAST search tool. Sequences that aligned with the query were extracted from
the library and combined with the previously identified sequences. Again, using the Geneious Mapto-Reference tool, CENH3 for each species was reconstructed. This process was performed
iteratively to extend the assembled flanking regions of CENH3.

34

Protein structure analysis
The resulting cDNA sequence data were translated into amino acid sequences in silico, and
the proteins’ secondary structures were predicted by the European Molecular Biology Open
Software Suite (version 6.5.7, Garnier tool) and implemented in Geneious. To produce the
predicted 3D structures for CENH3a and CENH3b, we first searched for proteins with a similar
sequence using the profile.build() command in Moddeller 9.17. The lowest discrete optimized
protein energy value of the Protein Data Bank (PDB) template was selected from the Research
Collaboratory for Structural Bioinformatics PDB to build our 3D structures of CENH3. Then we
used PyMol (version 1.8.4.2) to generate 3D structures of CENH3. C-I-TASSER and Phyer2 was
used to verify the results.
Phylogenies building, sequence analysis, and multiple alignments of CENH3
Phylogenetic trees were built with the cDNA CENH3 sequence data in Geneious using the
Tree Builder tool. We set the tool to first align the sequences using the global alignment with free
end gaps option selected to build the distance matrix [cost matrix set to 65% similarity (5.0/-4.0)],
followed by the construction of the tree using the Tamura-Nei (genetic distance model: with the
neighbor-joining method option with bootstrapping set to 500). Taxonomic code designations for
this research (Table A.2) follow those used in Wolfe et al. (2006).
Results
Cloning CENH3
Using degenerate primers, a partial sequence of CENH3 was successfully amplified from
total RNA leaf extractions of 53 Penstemon species (85.5% success rate). Alignments using the
CENH3 fragments with Penstemon gDNA revealed the partial sequence contained all but 7
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nucleotides from the 3´ end (3 of which coded for the stop codon) and two amino acids. More than
one PCR product was amplified in 28 accessions, and the products were generally around 360-450
bp in length. The PCR products were successfully sequenced. After the ends were trimmed, a Phred
quality score of 40 (Q ≥ 40; i.e., an error rate of 0.0001) was obtained for at least 98% of the bases
in any given sequence. One to four unique, putative CENH3 transcripts were cloned per accession
after sequencing up to 10 transformed colonies. Sequencing data revealed that many accessions
expressed an additional copy of CENH3 that was approximately 72 bp shorter, which we termed
CENH3b, to distinguish it from the longer CENH3a sequence (Figure 3.1). From 13 accessions,
CENH3a and CENH3b were cloned. Penstemon’s CENH3a was cloned and sequenced at a 75.5%
higher frequency than CENH3b, and it was successfully cloned in most of the species tested
(74.2%; Table A.3).
At the nucleic acid level, the histone fold domain (HFD) of Penstemon’s CENH3a and
CENH3b are approximately 85% homologous, while the N-tail is about 69%. In total, 74 CENH3a
and 25 CENH3b were cloned from 53 of the 62 species. There were 64 unique CENH3as cloned
from 46 species (from 57 accessions) and 22 unique CENH3bs cloned from 20 species (from 22
accessions). We could not amplify CENH3a from 16 species; however, we were successful in
amplifying CENH3b from eight of the 16 species. In P. thompsoniae, three variants of CENH3b
were cloned, but CENH3a was not successfully amplified. Also sequenced were 32 improperly
spliced cenh3s cDNAs, which led to the formation of one or more premature stop codons from
frameshift mutations (Figure 3.1, Table A.3). There were three species from which only improperly
spliced cenh3s were cloned, and no canonically spliced transcripts were cloned.
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Exon analysis of Penstemon CENH3
For exon analysis of CENH3a and CENH3b, cDNA sequences from P. higginsii were
aligned to P. personatus’ genome. There are seven exons in most transcripts of CENH3a but only
five exons in CENH3b. One transcript from P. scariosus var. albifluvis CENH3a was missing exon
5, which includes α1 and loop 1 (L1) regions, resulting in an in-frame transcript containing a 75bp deletion (Figure 3.2). Exon 1 of CENH3b is like exon 1 of CENH3a but is 9 bp shorter. CENH3b
lacks exon 2 and most of exon 3 found in CENH3a, resulting in an N-tail of CENH3b that is 72 bp
shorter than CENH3a’s. CENH3b’s exon 2 is like the last 6 bp of exon 3 and all exon 4 of CENH3a,
which includes L0 and the beginning of α1 helix in CENH3. CENH3s’ exons in the HFD are well
conserved: exons 5, 6, and 7 from CENH3a correspond with exons 3, 4, and 5 of CENH3b,
respectively (Figure 3.2).
Aberrant splicing of CENH3
Of the 131 Penstemon CENH3 sequences, 32 contained a premature stop codon. This was
almost always (30 of 32) a result of erroneous splicing during mRNA processing where at least a
portion of an intron was retained, or a part of an exon was deleted (Figure 3.2). One sequence
appeared to be spliced correctly but contained single nucleotide polymorphisms (SNPs) that coded
for a premature stop codon (P. navajoa) and another contained a deletion of a single nucleotide 7
bp downstream of the start codon (P. filiformis). Mis-spliced cDNA variants originated from both
CENH3a and CENH3b; however, mis-spliced cenh3b were sequenced 5.4-fold more than cenh3a.
Of the 30 aberrantly spliced transcripts, 23 had total or partial intron retention, 5 had total or partial
exon skipping, and 2 transcripts had both intron retention and exon skipping (Figure 3.2). In total,
we identified 32 CENH3 sequences that contained premature stop codons: 5 cenh3as and 27
cenh3bs.
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Many of the mis-spliced cenh3s shared similarities. For example, 1 of 5 cenh3aΔ and 13 of
27 cenh3bΔ contain an N-tail stop codon, which resulted from a total or partial intron retention
between exon 1 and exon 2. One of five cenh3aΔs and 10 of 27 cenh3bΔs contained a 14-bp intron
retention between the last two exons, 412 bp downstream of the coding sequence in CENH3a and
343 bp in CENH3b. One of five cenh3aΔs and 3 of 27 cenh3bΔs contained a premature stop codon
between α1 and L1 (at 214 bp in CENH3a or 124 bp in CENH3b), which resulted in the loss of a
portion of exon 4 of CENH3a or exon 2 of CENH3b. Three cenh3aΔs and three cenh3bΔs did not
follow a specific pattern of mis-splicing (Figure 3.2).
Some changes in splicing did not disrupt the reading frame and did not introduce premature
stop codons. A single amino acid was often lost in position 18 in CENH3a. This location is a
junction site between exon 1 and 2 in CENH3a. The loss of this alanine occurred in 16 cloned
transcripts from 13 species (Figure A.1 A & B).
Intraspecific SNP CENH3 variation
Despite the conserved nature of most histone proteins, CENH3 had variation not only
between species but within. Of the 53 species for which CENH3 was sequenced, 20 contained at
least one intraspecific SNP in either CENH3a or CENH3b (Table A.4; Figure 3.3). Of those species
that had intraspecific variation, 60% contained more than one SNP. Penstemon navajoa had the
most SNPs (6 in total) from four unique CENH3a sequences, one of which coded for a premature
stop codon. Penstemon montanus had 7 SNPs when compared to P. montanus var. montanus
(Figure 3.3). SNPs were present across the coding sequence, but when all intraspecific CENH3a
SNPs were pooled from 18 species, they were observed more frequently in specific regions: the Ntail had 17 SNPs (10.4 SNP·100 bp-1); the entire HFD had 35 (14.1 SNP·100 bp-1); 𝛼1 had 9 (20.0
SNP·100 bp-1); 𝛼 2 had 12 (14.3 SNP·100 bp-1); 𝛼3 had 0 (0.0 SNP·100 bp-1), L0 had 2 (9.5
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SNP·100 bp-1); L1 had 5 (18.5 SNP·100 bp-1); L2 had 5 (27.8 SNP·100 bp-1); and when loop and
𝛼-helix motifs were excluded the HFD had 2 (4.5 SNP·100 bp-1). CENH3a had an average of 12.1
SNP·100 bp-1.
Intraspecific variation was found in only four species for CENH3b. After pooling the SNPs
across these species, 4 SNPs were found in the N-tail (4.4 SNP·100 bp-1), 1 SNP in 𝛼1 (2.2
SNP·100 bp-1), 3 SNPs in 𝛼2 (3.6 SNP·100 bp-1), 1 SNP in 𝛼3 (3.7 SNP·100 bp-1), and 1 SNP in
L2 (5.6 SNP·100 bp-1). CENH3b had an average of 2.8 SNP·100 bp-1 (Table 3.1).
The types of intraspecific SNPs did not occur equally. The most common SNP was a
transition from A to G. This accounted for 51.9% of all SNPs for CENH3a and 50.0% in CENH3b.
A transition from C to T was the next most common SNP. It accounted for 16.7% of all intraspecific
CENH3a SNPs and 40% in CENH3b. A transversion from C to G was the next most common
intraspecific SNP, accounting for 13.0% in CENH3a. An A to T transversion accounted for 11.1%
in CENH3a, but no transversions were identified in CENH3b (Table A.4).
Interspecific variation in CENH3a and CENH3b
Both CENH3a and CENH3b had more than a 93% identity across the species tested.
Excluding all mis-spliced sequences, including the P. scariosus var. albifluvis that appeared to be
mis-spliced due to its absent L1 motif, CENH3b’s mean percent identity (97.88%) was higher than
in CENH3a (97.59%; Table 3.1). We compared the percent identities of CENH3a and CENH3b
with ITS in the species for which ITS and a CENH3 was obtained. The percent identify for the
restricted pool of CENH3a was 97.50%, CENH3b was 97.87%, and ITS was 97.52%. CENH3b
was significantly different from ITS (P-value = 0.0114) and CENH3a (P-value = 0.0053), but
CENH3a and ITS were not different (P-value = 0.9561).
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Specific amino acids exhibited higher levels of interspecific variation. Most nonsynonymous mutations resulted from a single SNP within a codon. However, there are two amino
acid positions in CENH3a where an additional SNP was observed within a single codon. At amino
acid position 14 (in the N-tail), most species coded for a histidine (codon CAC), but some
sequences coded for an arginine (codons CGC and CGT). At the end of α1, amino acid 92 coded
for a threonine (codons ACG, ACA, ACC, or ACT) in 54% of the pooled species, but some
sequences coded for valine (GTG) in 29% of the species, glutamic acid (GAG) in 8%, glutamine
(CAG) in 4%, and methionine (ATG) in 4% of species (Figure 3.4). Although there were no codons
in CENH3b that contained more than one SNP per codon, there were amino acid substitutions at
the end of α1, which corresponded to the same position in CENH3a.
Generally, both CENH3s also were highly conserved across all samples and species;
however, there are areas with more variation than others. Both the N-tail and HFD regions
contained SNPs, but overall, the N-tail was slightly less conserved than the HFD. CENH3a’s Ntail had a percent identity of 96.7%, while the HFD had 97.6%. α1 in CENH3a was the lowest
conserved region of all, with 93.6% identity. In CENH3b, the HFD region was more variable than
the N-tail. CENH3b’s N-tail had a percent identity of 96.5% and 98.1% in the HFD. The most
conserved region was L2 of CENH3b, with 99.5%. The end of α1 to L1 was the most hypervariable
region in both CENH3s (Table 3.1).
Interspecific synonymous SNPs were identified among species that belonged to the same
taxonomic group as well as those that belonged to different taxonomic groups. For example, P.
montanus var. montanus and P. newberryi belong to subg. Dasanthera but only contained
synonymous SNPs in CENH3a. Additionally, P. filiformis (subg. Saccanthera) and P. pinorum
(subg. Penstemon) belonged to separate subgenera, but all three SNPs in CENH3a were
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synonymous (Figure 3.3). In another example, one CENH3a amino acid sequence was observed in
13 different species. Most of these species belonged to subg. Habroanthus; however, this variant
was also found in P. platyphyllus (subg. Saccanthera) and P. linarioides (subg. Penstemon). In
total, 64 unique CENH3as and 22 CENH3bs were cloned. However, at the protein level, only 49
out of 64 CENH3as and 19 out of 22 CENH3bs were unique (Figure 3.4). This revealed that 21%
of the transcripts contained only synonymous SNPs.
Secondary and tertiary structures
At the intraspecific level, not all SNPs impacted the amino acid sequence or the secondary
structure of proteins. In CENH3a, 50% of the SNPs were synonymous, while 60.0% were
synonymous in CENH3b (Table A.4). Non-synonymous SNPs were observed across CENH3s’ Ntail and HFD; however, protein folding analysis revealed that their impact on a protein’s secondary
structure depended on the location and the amino acid substitution. For example, non-synonymous
SNPs in CENH3a altered the secondary structure of the N-tail, α1, and L1 regions the most in P.
montanus var. montanus (Figure 3.3 C).
Most SNPs at the interspecific level were non-synonymous, and like the intraspecific nonsynonymous SNPs, alterations to the predicted secondary structures occurred mostly in the N-tail,
α1, and L1 regions for both CENH3a and CENH3b (Figure A.1).
CENH3a’s N-tail was approximately 26 amino acids longer than CENH3b due to an
insertion around amino acid 14-49. In this insertion, five coils with turns are occasionally
interspersed with one or two β-strands in the predicted secondary structure (Figures 3.5 and 3.6).
Additionally, the N-tail in CENH3a contains an α-helix around amino acid 43-48 that is not present
in CENH3b. Despite being well conserved, CENH3s’ HFD had noticeable secondary structural
differences (Figure A.1; Figure 3.5). In CENH3b, the predicted secondary structure in the HFD
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was a β-strand rather than α-helix of the corresponding region of CENH3a (Figure 3.5).
Additionally, one copy of P. dolius’ CENH3a N-tail was substantially altered from the other copy.
This structural change resulted from a single non-synonymous SNP 16 bp downstream of the start
codon. Downstream impacts of SNPs in the HFD region were less severe. For example, a
substitution at amino acid 67 did not alter the predicted secondary structures in HFD of P. dolius’
CENH3a.
In general, non-synonymous SNPs in the N-tail region significantly impacted CENH3s’
predicted secondary structures. In contrast, the secondary structure of CENH3s’ HFD was
generally stable, except for the less conserved α1 and L1 regions (Figure A.1).
In addition to using EMBOSS (implemented in Geneious version 9.1.8) for secondary
structure analysis, PyMol Molecular Graphics System (version 1.8.4.2) was used to predict the 3D
structures of CENH3 transcripts from Penstemon species. The protein template 1kx5 PDB was
identified as the best protein available for 3D modeling of Penstemon CENH3. It was 56%
homologous to the template, and it had the lowest DOPE value in the PBD to Penstemon’s
CENH3s. The resulting predicted 3D structures were compared with the predicted 3D models
produced by C-I-TASSER and Phyer2 and found to have an 80% identity across the modeling
software. Despite differences in the predicted secondary structure of the HFD, particularly in the
α1 region, the 3D structures of both types of CENH3 in PyMol look more similar. The most
noticeable difference is that the N-tail of CENH3a is longer and has a higher crimp degree than that
in CENH3b (Figure 3.6). In contrast to the EMBOSS analysis, there are no α-helices predicted in
the N-tail of either CENH3 in the predicted 3D structure.
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Phylogenic tree of Penstemon CENH3
A phylogenic tree of Penstemon was created using all 103 correctly spliced CENH3
transcripts. CENH3a and CENH3b segregated into separate clades (Figure 3.7). Subgenera
Dasanthera (D) and Dissecti (I) formed a clade distinct from other subgenera in CENH3a;
however, this separation was not observed in CENH3b. Generally, subsections did not exclusively
segregate into separate clades; however, species from subgenus Habroanthus (H) clustered in
clades within both CENH3a and CENH3b. In CENH3b, Habroanthus accounted for 78% of the
species in the clade it exclusively populated. Two Penstemon species belonging to the subg.
Penstemon (P. petiolatus and P. pseudospectabilis), were found to group with Habroanthus species
in both CENH3a and CENH3b. The CENH3a phylogeny suggest that Dasanthera (D) diverged
from a common ancestor from the remaining subgenera in Penstemon and that subg. Habroanthus
descended from subg. Penstemon (Figure 3.7).
Discussion
While this gene has been found in other organisms, this is the first study of the putative
ortholog CENH3 in Penstemon. At least two copies of CENH3 have been identified in other plants,
such as rice, wheat, brassica, and banana (Hirsch et al., 2009; Hui et al., 2010; Wang et al., 2011;
Neumann et al., 2012; Yuan et al., 2015; Muiruri et al., 2017). Currently, there is still little
information about the impact of genetic differences between Penstemon’s CENH3a and CENH3b,
such as the shorter N-tail of CENH3b. Serendipitously, both the 5´- and 3´-end of the putative
orthologs CENH3a and CENH3b contained conserved regions that could be amplified using the
same primer set for the Penstemon species in this study. The species from which CENH3 was
obtained were diverse and belonged to different subgenera, sections, and subsections.
Unfortunately, neither CENH3 nor cenh3 could not be amplified from 6 (14.5%) of the Penstemon
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species we tested. Five of the species (P. breviculus, P. caespitosus var. caespitosus and P.
caespitosus var. desertipicti, P. concinnus, P. eriantherus var. eriantherus, and P. palmeri)
belonged to the subg. Penstemon, and one species (P. dissectus) belonged to the subg. Dissecti. No
canonically spliced CENH3 were obtained from P. confusus, P. pallidus, and P. watsonii; only
cenh3Δ were obtained. Genomic sequencing of P. dissectus revealed that the primers used to
amplify CENH3 should have been successful in P. dissectus. It remains unclear if the gene is only
expressed in specific tissues or during certain developmental stages for some species. Conversely,
both CENH3a and CENH3b were cloned from 12 Penstemon species (19%). Based on the gDNA
data and the PCR results, it is likely that all Penstemon species contain at least one copy of CENH3a
and CENH3b, and polyploid species may contain even more.
Despite being able to clone CENH3a and CENH3b from most species, we hypothesized we
would be able to retrieve more copies of CENH3, particularly from polyploids. For example, only
a single copy of CENH3a from P. venustus was cloned, even though it is reported to be an octoploid
(Broderick et al., 2011). There are several plausible scenarios for being unable to clone more
CENH3 sequences. For example, if they contain multiple copies, but those copies were all genetically
identical, the primers will not distinguish among them. Alternatively, CENH3 may not have been
transcribed due to RNA-mediated DNA methylation or via an RNAi pathway that resulted from
multiple copies of CENH3 (Matzke et al., 2006). There may be primer limitations that are unable
to amplify copies that contain SNPs in areas where the CENH3 primers anneal; however, this seems
unlikely as gDNA data show that the primer binding site regions are highly conserved, even across
subgenera. Another possibility is that CENH3 may not have been expressed in the tissue that was
sampled for RNA extraction. If the genes are only expressed in specific tissues or at precise
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developmental states, then amplification would not be possible unless the sample collection was
timed correctly.
There were unusual aspects of the cloned CENH3a and CENH3b sequences in Penstemon.
For example, CENH3a was cloned at approximately three times the rate of CENH3b. Additionally,
many mis-spliced CENH3 sequences were cloned, but the majority (27) were from CENH3b, while
only five were obtained from CENH3a. Furthermore, only mis-spliced transcripts (all derived from
CENH3b) were successfully cloned from four species for which no canonically spliced transcript
was obtained. It is unclear why more than half of the CENH3b transcripts were mis-spliced. Of the
CENH3 transcripts that contained premature stop codons, nearly all stop codons generated from
CENH3b were due to the retention of unprocessed intron fragments; however, two of five CENH3a
transcripts containing a premature stop codon resulted from SNPs. This suggests CENH3b’s
introns may be more prone to mis-splicing than CENH3a.
The biological relevance of mis-spliced variants is still mostly unknown. Mis-splicing is
thought to be biologically inefficient, yet it has not been eliminated through natural selection,
suggesting it has a purpose in cellular function (Jaillon et al., 2008; Roy & Irimia, 2008).
Transcripts that contain premature stop codons are usually degraded by the cell, and it is
hypothesized that mis-spliced variants may serve to regulate the amount of translation of specific
genes into proteins (Ni et al.,2007; Zhang et al., 2009; Wong et al., 2016). In humans, mis-splicing
can cause diseases (Scotti & Swanson, 2016). In plants, mis-splicing has been shown to be involved
in stress responses (Gu et al.,2018; Lee et al., 2019), but it is still unknown what purpose missplicing would serve CENH3 in Penstemon and why it appears to happen more regularly in
CENH3b transcripts. Perhaps CENH3a is more dominantly incorporated into Penstemon’s
centromeric nucleosomes, and CENH3b is not as necessary or requires a lower level of expression.
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We found sequence variation at both the intra- and inter-specific levels. The goal of this
research was to obtain species that represented as much of the genus as possible, rather than
focusing in-depth at any specific species. Variation at the intraspecific level depends mostly on the
scope of the samples collected. It is likely that as more samples are collected from various
populations that the sequence diversity will also increase. Future studies looking at specific species
in depth may find that certain Penstemon populations or species have higher intraspecific sequence
diversity than others.
We also compared the interspecific variation of internal-transcript spacer (ITS) sequences
(previously published in Wolfe et al., 2006) with the interspecific variation of CENH3a and
CENH3b. The percent identity of ITS and CENH3a were not found to be different. However,
CENH3b was found to have a higher percent identity than ITS and CENH3a. This suggests the
evolutionary rate of ITS and CENH3a is similar. Additionally, CENH3b’s higher percent identity
suggest it may be undergoing selective pressure. Further studies examining the purpose of the
higher rate of mis-spliced CENH3b may help elucidate if and what selective pressure this gene may
be undergoing.
Specific SNPs were in CENH3a that were unique from SNPs that were conserved in
CENH3b. This suggests that CENH3a and CENH3b were transcribed from different loci within the
Penstemon genome. The genomic DNA (gDNA) data verified this hypothesis and provided
additional insight into the unusual mis-spliced sequences obtained. The gDNA also allowed for the
identification and position of introns and exons. Our data are like those reported in other plant
species. For example, CENH3 is most reported in the literature to contain seven exons, while a
CENH3 variant with five exons is also reported, but less frequently (Masonbrink et al., 2014;
Muiruri et al., 2017).
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Wolfe et al. (2006) generated phylogenies of Penstemon using ITS and chloroplast DNA
(trnC-D/T-L). Significant findings of that research revealed that subg. Dasanthera evolved from a
shared ancestor to all other Penstemon subgenera. The phylogeny generated from Penstemon’s
CENH3a verifies these findings; however, the phylogeny of CENH3b does not place Dasanthera
species in a separate clade from all other species. This data combined with the differences in the
percent identity may be indicative of selection pressure on CENH3b that is different from CENH3a.
Like the ITS-based tree, the CENH3-based tree also has a large portion of species belonging to
subg. Habroanthus grouping together in a clade mostly separate from other Penstemon species.
While there are strong similarities between CENH3 and ITS phylogenies, it is unclear if the
CENH3a tree is more accurate than ITS in reflecting the evolutionary history of Penstemon.
Because of CENH3s’ involvement in the formation of post-zygotic species barriers, this gene may
become a useful tool for breeders to better predict interspecific cross-compatibility in plants that
are incompatible at the post-zygotic stage. It will be necessary to conduct functional analyses of
Penstemon CENH3s from various species to develop such a tool. Future studies could elucidate the
specific functions of CENH3a, CENH3b, and the mis-spliced variants in Penstemon and how they
are involved in cell division and interspecific cross-compatibility.
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Table 3.1
Gene

Sequence identify (%) of motifs within CENH3
Fulllength

Motif
N-tail

HFD

L0

α1

L1

α2

L2

α3

CENH3 97.6
a

96.7

97.6

99.1

93.6

96.9

98.6

97.9

99.5

CENH3 97.9
b

96.5

98.1

99.2

97.1

99.0

98.2

99.5

98.7
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Figure 3.1

Alignment of 40 representatives translated cDNA CENH3 sequences from 10 Penstemon species (15 accessions).
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Figure 3.1 (continued) Brackets separate CENH3a and CENH3b. The translated proteins with premature stop codons are designated
with brackets and a ∆ symbol. Numbers following the species name are used to distinguish multiple CENH3s from the same species.
The N-tail and histone fold domain (HFD) are designated in green and red, respectively, below the alignment. The α-helices (α)and
loops (L) of the HFD are displayed below the HFD in cyan. The taxonomy indicates to what subgenus, section, and subsection the
species belong. The amino acids highlighted in red at approximately 130-200 bp designates the 72-bp N-tail sequence that
distinguishes CENH3a from CENH3b. The colors in each sequence represent different amino acids, while black represent stop codons.
Above the amino acid alignment are numbers corresponding to the nucleotide position as well as the consensus identity.

50

Figure 3.2

Exon analysis of CENH3a and CENH3b from P. personatus gDNA sequence data.
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Figure 3.2 (continued) Brackets separate CENH3a and CENH3b. Sequences containing premature stop codons are designated with
brackets and a ∆ symbol. Exons (in black) are numbered above from 1 to 7 in CENH3a and 1 to 5 in CENH3b. Introns are designated
with grey bars between the black exons. Numbers following the species name are used to distinguish multiple CENH3s from the same
species. The N-tail and histone fold domain (HFD) are designated in green and red, respectively, below the alignment. The α-helices
(α) and loops (L) of the HFD are displayed below the HFD in cyan. The taxonomic code (taxonomy) indicates to what subgenus,
section, and subsection the species belong.
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Figure 3.3

Inter- and intra-specific variation of CENH3.
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Figure 3.3 (continued) (A) Interspecific variation of CENH3 containing only synonymous single nucleotide polymorphisms (SNPs). B)
Intraspecific variation in P. navajoa and P. montanus var. montanus, including both synonymous and non-synonymous SNPs and an
indel. C) Secondary structural predictions for CENH3. Numbers following the species name are used to distinguish multiple CENH3s
from the same species. The N-tail and histone fold domain (HFD) are designated in green and red, respectively, below the alignment.
The α-helices (α) and loops (L) of the HFD are displayed below the HFD in cyan. The taxonomic code (taxonomy) indicates to what
subgenus, section, and subsection the species belong. The colors in each sequence represent different amino acids. Above the amino
acid alignment are numbers corresponding to the nucleotide position as well as the consensus sequence location. The green bar below
the consensus sequence is the percent identify at each nucleotide position. Breaks in the green bar correspond to SNPs.
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Figure 3.4

Translated cDNA alignments of Penstemon CENH3s.
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Figure 3.4 (continued) (A) Penstemon CENH3a; (B) Penstemon CENH3b. The asterisk above amino acid 92 marks an amino acid that
is not conserved across species. Exons are numbered below the alignments. The N-tail and histone fold domain (HFD) are designated
in green and red, respectively, below the alignment. The α-helices (α) and loops (L) of the HFD are displayed below the HFD in cyan.
The taxonomic code (taxonomy) indicates to what subgenus, section, and subsection the species belong.
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Figure 3.5

Predicted secondary structures of Penstemon’s CENH3a and CENH3b.

The N-tail and histone fold domain (HFD) are designated in green and red, respectively, below the alignment. The α-helices (α) and
loops (L) of the HFD are displayed below the HFD in cyan. The asterisk (*) highlights Penstemon scariosus var. albifluvis’ CENH3a
that is lacking exon 5, which codes for part of α1 and α2 and all of L1.
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Figure 3.6

Models of secondary structure in CENH3.

(A) Predicted 3D structure of both types of CENH3 in P. newberryi using PyMol. (B) Predicted secondary structure of both types of
CENH3 in P. newberryi using EMBOSS.
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Figure 3.7

Penstemon CENH3 phylogenetic tree.

Penstemon subgenera were distinguished by shades of the same color (Habroanthus – orange,
Dasanthera – red, Penstemon – blue-purple, Saccanthera – green, Dissecti – black). The
taxonomic codes (taxonomy) to the right of each species name indicate to what subgenus,
section, and subsection the species belong.
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CHAPTER IV
NETWORKS OF PARENTAL COMPATIBILITY IN PENSTEMON SPECIES
Abstract
Penstemon sp. (Schmidel) has more than 100 years of breeding work, the bulk of which
involves the use of interspecific crosses, which have been documented in bulletins, patents, books,
and journal articles. Penstemon’s interspecific crosses have not been systematically combined for
use in network meta-analyses. Additionally, breeding work was conducted on this genus at
Brigham Young University (BYU) for 6 years, which included over 2,600 interspecific crosses.
We used Python scripts to glean interspecific crossing data from Penstemon literature, which was
then combined that with BYU’s breeding data to identify species with a high degree of reported
interspecific compatibility. A total of 254 unique interspecific crosses were pooled. Seven species
have reports of compatibility with at least 10 species. P. barbatus had the most reported
interspecific compatibility. Interestingly, this is one of the presumed parental species in the
Flathead Lakes complex (an interspecific complex comprised mostly from P. barbatus and P.
glaber parental species). Our results will assist breeders in visualizing reports of successful crosses
and identifying gaps in interspecific parental combinations.
Introduction
Penstemon was first scientifically described by Dr. John Mitchell in 1748, but it was used
before that by aboriginal Americans for medicinal purposes (Lindgren & Wilde, 2003). Originally
Penstemon species were classified in the Chelone genus by Carl Linnaeus in 1753, but they were
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eventually separated into their own genus a few years later. The genus name references
Penstemon’s sterile stamen (i.e., staminoid) that develops alongside four fertile stamens (Way &
James, 1998).
Penstemon is taxonomically divided into six subgenera: Cryptostemon, Dissecti,
Penstemon, Habroanthus, Saccanthera, and Dasanthera (Lodewick & Lodewick, 1999). Species
are assigned to subgenera based on anther morphology. And the subgenera are subdivided into
sections and subsections based on a series of morphological features, including flower color,
flower or plant size, inflorescence characteristics, plant habit, and other characteristics (Way &
James, 1998; Stevens et al., 2020). Subg. Cryptostemon and Dissecti are monotypes, which contain
only one species in each subgenus. Dasanthera is the most primitive subgenus. All species within
this group have unique woolly anthers and are not further subdivided into sections or subsections.
Because the other three subgenera contain more species with diverse phenotypes, the subgenera
are subdivided into sections and some of those are further subdivided into subsections. Subg.
Habroanthus is subdivided into two sections, and subg. Saccanthera includes two sections and
two subsections. Subg. Penstemon, the largest subgenus with about 190 species, is divided into
eight sections and 21 subsections.
Penstemon is native to North American and found in the U.S., Canada, Mexico, and
Guatemala. It has an extensive ecological and geographic distribution, including arid deserts, high
mountains, grasslands, plains, canyons, sand dunes, and cliffs and precipices. As Penstemon
species have adapted to diverse climates, they have also undergone morphological changes. Some
species are herbaceous plants that grow 10 cm (4 in) to 3 m (10 ft) tall, while others develop woody
tissue that form shrubs and subshrubs. Flower morphologies and colors also vary. Some species
develop large, bulbous, open-mouthed flowers while others develop small, narrow tubes that are
64

nearly closed at the end (Way & James, 1998). Species also differ in leaf size, leaf shape, cuticular
coating, inflorescence, and floral scent. Many of the morphologies provide desirable commercial
flowering characteristics in Penstemon. Additionally, their wide geographical range may be useful
for finding species adaptable to an expansive number of gardens. For example, many Penstemon
species could be used as drought tolerant plant material in xeriscape gardens, rock gardens, or as
pioneer species in a desert environment (Dodge, 1958). Lindgren (2000) stated that Penstemon’s
Mexican-native species have disease resistance and can be used for breeding disease resistance
lines in humid, wet regions. The diversity of flower colors and characteristics is attractive to
different pollinators, but also adds value to Penstemon as a garden plant (Castellanos et al., 2004;
Parachnowitsch & Kessler, 2010; Cardona et al., 2020).
Although Penstemon was planted in California gardens as early as the 19th century, it was
not cultivated in other regions of the U.S. until the 1920s (Way & James, 1998). As Penstemon’s
popularity increased, the American Penstemon Society (APS) was formed in 1946. APS members
collect and identify Penstemon species, study their cultivation, and try to breed valuable
ornamental traits. Breeding work has evolved to include species native to the western U.S. Glenn
Viehmeyer from the University of Nebraska, was one of the first breeders dedicated to the
development of new, U.S.-native Penstemon cultivars, some of which are still on the market today
(Stevens et al., 2020). After thousands of unsuccessful hybridization attempts among species from
different sections in Penstemon, Dr. Viehmeyer serendipitously discovered that unique hybrids,
such as ‘Flathead Lake’, could serve as a bridge species to enable crosses between different
sections or even subgenera (Viehmeyer, 1958; Way & James, 1998). Almost at the same time,
Bruce Meyers started a long-term Penstemon breeding program and bred hundreds of Penstemon
cultivars (Meyers, 1998; Stevens et al., 2020). ‘Mexicali Hybrids’ are his most famous inter65

section breeding series, which was a cross between wild Mexican and American species (Way &
James, 1998). Dr. Dale Lindgren initiated Penstemon breeding and selection at the University of
Nebraska Lincoln (UNL) West Central Research and Extension Center (WCREC), a few years
after Viehmeyer retired (Stevens et al., 2020). He developed many Penstemon cultivars that have
been sold around the world. One of the most famous varieties is ‘Husker Red’, which was selected
from P. digitalis. It was named Perennial Plant Association’s Plant of the Year in 1996 and is still
sold today. Penstemon account for $3 million in the U.S. flower market every year (U.S.
Department of Agriculture, 2015, 2020).
Interspecific hybridization is a useful breeding method used to combine desirable genes
from at least two different species into one new cultivar. However, reproductive barriers prevent
success of some interspecific combinations in Penstemon breeding. Pre-zygotic isolation, such as
temporal isolation, habitat isolation, and behavioral isolation, can be overcome more readily
through manual intervention, whereas post-zygotic isolation cannot. Unfortunately, post-zygotic
isolation occurs in some interspecific crosses in Penstemon and may be difficult to overcome
(Chari & Wilson, 2001; Straw, 1956; Widmer et al., 2009). Therefore, it would be useful to
understand inter-species compatibility in Penstemon. Based on previous research, interspecific
crosses using species belonging to the same subgenus, sections, or subsections of Penstemon are
relatively successful (Lindgren & Schaaf, 2007). However, Penstemon’s taxonomy is not a reliable
predictor of its phylogeny (Wolfe et al., 2006). In recent decades, researchers have been looking
for a method or DNA barcode to define the relationship among Penstemon species at the genetic
level (Dockter et al., 2013; Blischak et al., 2014; Rodríguez-Peña et al., 2018). However, using
genetic information to predict parental compatibility must be combined with a cataloging of
crossing data.
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Interspecific crossing data from Penstemon is available from several sources. APS
members have made significant contributions to the study of Penstemon hybridization. They have
been actively involved in searching for and naming new species. They have collected and
exchanged seeds from wild Penstemon collections. Since the 1940s, they have detailed garden
trials, growth patterns, and interspecific hybridization from various regions. Other sources include
the APS registered Penstemon cultivar list, patents of new cultivars, and data from crosses
conducted at Brigham Young University (BYU) under the direction of Dr. Mikel Stevens.
While there are many reports of successful crosses it is important to recognize the
limitations of the data. First, there are naturally occurring interspecific Penstemon hybrid
populations; in such populations it is difficult to determine if they are hybrid offspring or a new
species. Second, because many hybrids were produced by open pollination, the parental lines are
presumed based on morphological characteristics of the hybrid. Third, taxonomic assignments
have changed for some Penstemon. For example, some varieties are now defined as new species.
Fourth, due to confusion over botanical and cultivar names, some of the presumed hybrids were
not the result of an interspecific cross but rather that of an intraspecific cross. There have been
several books and articles that have worked to catalog Penstemon hybridization (Way & James,
1998; D. Lindgren & Wilde, 2003; Stevens et al., 2020). Most of them only describe the parentage
of registered cultivars or gave a summary of Penstemon’s interspecific hybridization relationship.
However, there are no reports that systematically integrate the hybridization data of these species
to examine hybridization patterns in Penstemon. Our aim is to collect Penstemon’s interspecific
cross data and visualize the successful interspecific crosses using network analysis software. The
cross-data network can help breeders more easily visualize successful parental combinations and
identify gaps in interspecific crosses.
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Material and Methods
We conducted artificial hybridization studies in the BYU Life Sciences pollinator-free
greenhouses from spring 2013 through spring 2019. We grew the plants from either seed or
vegetative propagules collected from wild field collections in Sunshine Mix I (SunGro
Horticulture, Agawam, MA) in 12-cm pots. To maintain plant health, we added Peters Professional
General 20-20-20 Purpose Fertilizer (JR Peters Inc., Allentown, PA) at approximately 150 ppm
every two weeks during spring and early summer. After seed production, we reduced the
fertilization to once a month for the remainder of the year. We maintained the temperature of the
greenhouse above 1 °C and cooled the room when the temperature exceeded 13 °C. We took care
not to overwater the plants.
Since all interspecific crosses were accomplished using non-homozygous germplasm from
wild sources, we independently identified each parent plant and maintained a unique identification
number throughout the entire breeding process; thus, preforming a pedigree breeding system.
Parental lines were primarily chosen based on phenotypic characteristics; however, a high
percentage of our crosses were attempted due to pollen availability and healthy blossoms that could
be emasculated.
Our crosses were accomplished by, first, selecting the female by identifying flowers that
were less than 24 hours from opening. Once selected we carefully remove the entire corolla
followed by gently excising the filament and pre-dehiscing anthers, along with the staminode,
which completely exposed the calyx and pistil. Emasculated flowers were then “marked” with a
colorful, 2-3 cm strand of yarn gently twisted around its pedicel, or peduncle, if multiple flowers
were prepared for crosses in the same cluster. The pistils of the emasculated flowers were then
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allowed to mature for one to several days before the desired pollen was placed on the stigma.
Pollen receptiveness is typically (but not always) signaled by a downward bend of the style.
We procured, identified, and maintained viable pollen for interspecific crossing from each
plant independently using the following protocol. We collected pollen in new, unused, gelatin
capsules. After collecting mature, or nearly mature, anthers laden with pollen from one plant, we
labeled each capsule and maintained it, between uses, in an air-tight sealable container in the direct
presence of oven-dried silica gel. During active times of artificial pollination, we endeavored to
keep capsules with pollen away from moisture and direct sunlight.
When conducting artificial pollinations, we opened a gelatin capsule holding the desired
pollen and carefully touch the exposed stigma to surfaces of the capsule and dried anthers laden
with pollen. Alternatively, we would use fresh pollen removed from the desired pollen parent and
place it on the chosen stigma of the female parent using a fine artist paintbrush, that had been
previously washed with 90% ethyl alcohol and thoroughly dried. A final method used for
pollination involved dethatching a mature, freshly dehiscing anther and touching it to a stigma.
Once the artificial crosses were complete, we removed the colorful yarn then loosely, but
securely, attached a string tag (~3 × 2 cm) to the pedicel of the pollenated pistil. For each artificial
pollination tag, we included the identification of both the male and female parent and the date of
the pollination. Each cross was notated. Mature seed pods were collected and examined and
notated for seed development.
Extracting and formatting interspecific cross data
Pandas (version 0.20.3) in Python (version 3.6.3) was used to generate a data frame from
the crossing data. After all the data was inputted into a data-frame in Python. We renamed columns
‘Plant ID’, ‘F name’, ‘Male number’, ‘M species’, and ‘seed’ in original spreadsheet files to
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‘Female #’, ‘Female name’, ‘Male #’, ‘Male name’, and ‘Note’, respectively. The “Notes” column
contained information about the number of seeds generated and a description of the seeds’
characteristics. Because the reliability of interspecific crosses vary, crosses were cataloged into 5
groups based on several factors found in Table 4.1.
Cross data from APS Bulletins
To collect the records of Penstemon interspecific hybridization reported in APS Bulletins
(including years 1946 to 2005), we searched for the keywords parent, intergrade, hybrid, cross,
between, hybrid, and intermediate. Older APS bulletins, especially those published before 1950s,
contained handwritten notes. In these cases, typical optical character recognition (OCR) software
failed to find keywords. To solve this problem, Pytesseract package (version 0.3.7) was deployed
in Python (version3.6.3) to search for the keywords in the PDF files that could not be decoded
directly. This package enables all images supported by the Pillow and Leptonic imaging libraries
to be recognized and processed.
The Python script we created transferred optically recognized characters from the PDF file
to a Word document. If the characters could be decoded by Word, the document was searched for
the specified keywords and the search results were output to an additional file. If the PDF file
could not be decoded by Word (version 2017), the unrecognizable pages of the PDF were saved
as image files, which were then processed with Pytesseract. An output file was generated from the
search results along with their corresponding bulletin page number and paragraph content. We
used these output files to retrieve the successful cross data and compile them into one spreadsheet.
Penstemon cross data was also gathered from plant patents and other published works and added
to the cross-data spreadsheet (Lindgren, 2006; Stevens et al., 2020).
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For simplicity, cross data involving more than two species were excluded. Additionally,
species are often further divided into varieties within a species, but we removed variety epithets
and grouped them into their respective species.
Interspecific hybridization visualized by Cytoscape
The interspecific hybridization relationship of Penstemon was established by Cytoscape
(version 3.8.2) software based on the cross-data spreadsheet. We assigned the female parent as the
“source node”, and male parent as the “target node”. Then, we set the corresponding taxonomic
group of species as the “source node attribute” and the “target node attribute”. After setting the
corresponding information content of each column in the cross-data spreadsheet, we imported the
spreadsheet into Cytoscape. We used the “yFiles Radial Layout” option to visualize the resulting
network. We used the network analyzer tool, which groups relationships between each species,
and selected the “generate style from statics” option. This option enable species with more
connections to be assigned a larger node icon. The network was treated as “undirected”.
Results & Discussion
A total of over 2,600 documented interspecific crosses were conducted over five years.
Additionally, we were able to compile a total of 254 unique interspecific crosses from 125
Penstemon species (Figure 4.1, Table B.2), these included eight species in subg. Dasanthera, 27
in Habroanthus, 79 in Penstemon, and 11 in Saccanthera. No reports of successful interspecific
crosses with species from sections Baccharifolii and Chamaeleon of subg. Penstemon were found.
The success rate and reliability of interspecific crosses can vary; therefore, each
interspecific cross was cataloged based on reliability and compatibility. (See Table 4.1.) In total,
10.6% of interspecific crosses were classified in categories 1 and 2, which include crosses resulting
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in low seed set and questionable seed viability. The largest category, category 3, included 48.4%
of all reported interspecific crosses. This group included naturally occurring hybrids but excluded
crosses from which named cultivars have been derived. Categories 4 and 5 accounted for 40.9%
of all interspecific crosses, which include successful crosses from which named cultivars have
been obtained.
The network analysis revealed that seven species have documented reports of crossing with
at least ten other species. The species with the highest documented compatibility was P. palmeri.
It has been reported to cross with 26 other species (Figures 4.1 & 4.2). Not only could it cross with
ten species from the same section (Peltanthera), it also successfully crossed with species belonging
to sections Fasciculus, Penstemon, Cristati, and Coerulei (which all belong to subg. Penstemon).
Successful crosses were also reported in sections Glabri, Elmigera, and Bridgesiani, which belong
to different subgenera (Figure 4.1). P. palmeri was able to hybridize with three species from sect.
Fasciculus including P. campanulatus, P. gentianoides, and P. kunthii (Figure 4.1). Meyers used
seedlings from P. campanulatus, P. palmeri, and other species in sections Fasciculus and
Peltanthera to produce a new series of hybrids (Bulletin of the American Penstemon Society,
1973). The resulting progeny could interbreed with six species from sect. Glabri and two species
from sect. Elmigera in subg. Habroanthus (Figure 4.1).
Bidirectional hybridization of P. palmeri with 11 species was possible. The remaining 15
were possible when P. palmeri served as the female parent (Figure 4.1). Although most
interspecific crosses involving P. palmeri reliability produced seed, 3 of 26 species were rated
below a 1 (Figure 4.1). Namely, crosses between P. palmeri with P. rostriflorus in sect.
Bridgesiani or P. strictus in sect. Glabri were unsuccessful except for the formation of a few small
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seeds. Also, there are a few reports of successful hybridization between P. palmeri and P. smallii
(James, 1998).
Penstemon eatonii and P. barbatus (both from sect. Elmigera) are also parental species
with numerous reports of interspecific crosses (Figures 4.1 & 4.2). P. eatonii has been reported to
intercross with at least 19 other species, which included eight species of sect. Glabri, three species
of sect. Elmigera, seven species of sect. Peltanthera, and one species of sect. Penstemon.
Bidirectional hybridization of P. eatonii with six other species was possible and the remaining 13
crosses were successful when P. eatonii served as the female parent (Figure 4.1). Not all
interspecific crosses of P. eatonii were readily successful. For example, interspecific crosses with
P. comarrhenus, P. compactus, or P. subglaber (which all belong to sect. Glabri) was very low,
especially with P. subglaber (which only resulted in the development of one seed). Although
sections Glabri and Elmigera belong to subg. Habroanthus, P. eatonii showed stronger
compatibility with species from sect. Peltanthera than from sect. Elmigera.
Penstemon barbatus can intercross with 18 other species, which included nine species from
sect. Glabri, two each from sections Elmigera, Peltanthera, and Saccanthera, and one each from
sections Fasciculus, Penstemon, and Cristati (Figure 4.1). The success rate of hybridization
between P. cyaneus from sect. Glabri or P. pseudospectabilis from sect. Peltanthera with P.
barbatus was very low. Based on an observed intermediate type of P. pinifolius from sect.
Fasciculus, it was speculated to be a cross with P. barbatus, which has an overlapping habitat
(Pilz, 1991). P. barbatus was the only species in sect. Elmigera that has been reported to
successfully crossed with species in sect. Saccanthera (Figure 4.1).
Penstemon serrulatus in sect. Saccanthera is reported to cross with at least 15 species
(Figure 4.1), which include six species from sect. Penstemon, four from subg. Dasanthera, two
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from sect. Saccanthera, and one each from sections Cristati, Glabri, and Elmigera (Figure 4.1).
P. richardsonii (which belongs to the same subsection as P. serrulatus) also showed similar
intercross compatibility with subg. Dasanthera. Unlike other species from subg. Saccanthera that
have only been reported to cross with other species from the same subgenus, P. serrulatus has
shown more compatibility with other species; therefore, it may be possible to use it as a bridge
species such as the ‘Flathead Lake’ Penstemon complex (Mackaness & Oregon, 1959).
Penstemon laevis is the most compatible species in sect. Elmigera. It can cross with 14
other species, seven of which belong to sect. Elmigera. P. laevis can also cross with two species
each from sections Glabri, Cristati, and Peltanthera, and one from sect. Saccanthera (Figure 4.1
& 2). Crosses of P. laevis with P. navajoa, P. speciosus, and P. subglaber in the sect. Elmigera,
P. nanus from sect. Cristati, or P. platyphyllus from sect. Saccanthera resulted in the production
of just a few small seeds.
Penstemon hirsutus is the most compatible species in sect. Penstemon. It can cross with 12
other species, including nine from sect. Penstemon, and one species each from sections Coerulei,
Fasciculus, and Saccanthera (Figure 4.1 & 4.2). P. hirsutus was the only species in sect.
Penstemon that has been reported to successfully cross with species belonging to sect. Fasciculus
(Figure 4.1). Hybridization compatibility of P. digitalis was less than that of P. hirsutus in sect.
Penstemon. P. digitalis was the only species in sect. Penstemon that has been reported to cross
with species in sect. Elmigera successfully (Figure 4.1).
P. cobaea and P. campanulatus are the most compatible species in the sections Cristati,
and Fasciculus, respectively (Figure 4.1 & 4.2). P. cobaea was the only species in sect. Cristati
that has been reported to cross with species in sect. Saccanthera (Figure 4.1). Except for
interspecific crosses in the same section, P. campanulatus has only been reported to cross with
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sections Cristati, Coerulei, and Peltanthera in subg. Penstemon, which is like most species in sect.
Fasciculus. P. pinifolius was the only species in the Fasciculus sect. that has been reported to cross
with species in sections Saccanthera and Elmigera (Figure 4.1). And only two species from sect.
Fasciculus, P. gentianoides and P. isophyllus, have been reported to cross with species in sect.
Glabri successfully (Figure 4.1).
Dasanthera is the most primitive subgenus in Penstemon (Savile, 1968). There are only 10
species in this subgenus. Most species in subg. Dasanthera cross with species in the same subgenus
but typically fail to cross with other subgenera. Therefore, no species in Dasanthera can be ranked
in the top ten for the number of hybrids with other Penstemon species (Figure 4.2). All Dasanthera
species, except for P. montanus and P. parviflorus, have been reported to interbreed (Figure 4.1).
P. barrettiae, P. cardwellii, P. fruticosus, P. davidsonii, and P. rupicola have been used to
interbreed more frequently than other Dasanthera species (Lindgren, 2000). Most cultivars in
subg. Dasanthera are related to these five species, and certain parental lines have been used to
generate several cultivars with different characteristics, even though the cultivars share the same
parents. Most hybridization in the Dasanthera subgenus is bidirectional but typically biased in one
direction (Figure 4.1). Many species from Dasanthera have been reported to intercross with sect.
Saccanthera in subg. Saccanthera, and sections Penstemon, Ericopsis, and Cristati in the subg.
Penstemon (Lindgren, 2006; Stevens et al., 2020; Table B.2). P. barrettiae, P. cardwellii, P.
fruticosus, and P. rupicola from subg. Dasanthera can successfully cross with P. serrulatus from
subg. Saccanthera. P. barrettiae and P. rupicola also have been reported to successfully cross with
P. richardsonii in subg. Saccanthera. ‘Salmon le Sac’ is the only registered interspecific cultivar
between subgenera Saccanthera and Dasanthera (Lindgren, 2006).
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Flathead Lake complex
Flathead Lake hybrids have been well documented to serve as a parental lines in
overcoming species barriers among Penstemon, especially species belonging to different sections
and subgenera (Viehmeyer, 1958). These hybrid complexes are often referred to as “bridge
species” because they are believed to allow successful crosses between species that would
otherwise not be compatible. Viehmeyer hypothesized the first generation of Flathead Lake was a
natural hybrid between P. barbatus from sect. Elmigera and P. glaber from sect. Glabri. To test
the bridge species hypothesis in Penstemon, we wanted to compare the number and type of
interspecific crosses of P. barbatus and P. glaber to the interspecific crosses of the Flathead Lake
complex (Figure 4.3).
The Flathead Lake complex has been reported to hybridize with 29 species (Figure 4.3,
Table B.2), including ten species from sect. Glabri, five from sect. Penstemon, four from Glabri,
four from Cristati, two from Coerulei, and one each from sections Ericopsis, Peltanthera,
Fasciculus, and Saccanthera (Figure 4.3). Interspecific crosses of P. barbatus were previously
detailed with 18 known compatible species. The hybridization compatibility of P. glaber is much
narrower than that of P. barbatus. It has only been reported to cross with three species, which all
belong to the same subgenus and P. barbatus (Table B.2). All four species that can cross with P.
glaber can also cross with the Flathead Lake complex. However, five out of 18 species have been
reported to interbreed with P. barbatus, but not with the Flathead Lake complex. These included
four species that have only produced a few seed when hybridized with P. barbatus or had a low
success rate. Finally, P. heterophyllus from sect. Saccanthera is the only species in that section
that has successfully hybridized with P. barbatus but has not been reported to hybridize with the
Flathead Lake complex. Although hybridization of the Flathead Lake complex with P.
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heterophyllus has not been reported, P. serrulatus (which is from the same section as P.
heterophyllus) can successfully cross with the Flathead Lake complex (Figure 4.3).
Fourteen species can hybridize with the Flathead Lake complex that have not been reported
to cross with P. barbatus or P. glaber (Figure 4.3). These species included four species from sect.
Penstemon, three from Cristati, two species each from sections Glabri and Coerulei, and one
species each from sections Ericopsis, Elmigera, and Fasciculus (Figure 4.3). Unlike the Flathead
Lake complex, species from sections Coerulei and Ericopsis have not been reported to cross with
P. barbatus or P. glaber, suggesting the Flathead Lake complex has expanded combability
compared to either parent species. Additionally, the number of species that reliably cross with the
Flathead Lake complex was almost twice that of P. barbatus. These data suggest that Flathead
Lake complex potentially has more hybridization compatibility than each parental species in the
complex (Figure 4.3). It is unclear how the Flathead Lake Complex gained its hybridization
potential. It is not a simple cross between P. barbatus and P. glaber, but includes many generations
of natural hybridization, and even presumed hybridization with other species.
Other potential bridge hybrids
In addition to the Flathead Lake complex and P. barbatus, P. palmeri in sect. Peltanthera
and P. serrulatus in sect. Saccanthera also have potential to serve as bridge species. P. palmeri is
one of the most compatible species in interspecific crosses and is used for three-way or more
breeding pedigrees (Figure 4.2). For example, P. palmeri is one of the ‘Mexcian Hybrids’ series’
parents, and it has also been reported in multiple crosses with the Flathead Lake complex and other
species (Meyers, 1998; Stevens et al., 2020). P. serrulatus is the only reported species from subg.
Saccanthera that can interbreed with species from other subgenera. It can successfully cross with
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multiple species from subgenera Dasanthera, Penstemon, and Habroanthus. Also, it can hybridize
with P. barbatus in sect. Elmigera and P. unilateralis in sect. Glabri (Figure 4.1).
Breeding highly compatible species (i.e., those capable of hybridizing with many other
species) may be useful in forming hybrids capable of breeding with an even larger number of
Penstemon species. For example, after P. barbatus crossed with one or more of species, the
resulting Flathead Lake complex could successfully cross with more species than P. barbatus
alone. In the case of the Flathead Lake complex, no reports of successful hybridization exist
between species in sect. Coerulei with P. barbatus until a bridge cross was first made.
We hypothesized the hybrid potential and hybridization range of hybrids, such as the
Flathead Lake complex, was greater than that of their original parents. It is notable that the Flathead
Lake complex is the most compatible bridge hybrid to date and that P. barbatus (one of the original
parents in the complex) is the most compatible species. Except for 4 species, P. barbatus is no
more than 5 degrees of separation from any given Penstemon species that has been reported (Figure
4.1).
It is not clear what mechanism allows P. barbatus to breed freely with so many species
This plasticity for hybridization of this species may also be related to pollinator preferences,
particularly of hummingbirds, and its geographic distribution across five states and into Mexico
(Stevens et al., 2020). Sequencing of Centromeric Histone 3 (CENH3) revealed that P. barbatus
contained a CENH3a sequence that was found most abundantly among all species analyzed. An
identical CENH3a was also found in six species in sect. Elmigera, one species from sect.
Saccanthera, and one from sect. Ericopsis. Most species containing an identical CENH3a are in
sect. Elmigera; however, few successful interspecific hybridizations have been reported from these
species. P. barbatus became highly popular in European breeding programs (Way & James, 1998).
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It is unclear if P. barbatus is more compatible than other species in sect. Elmigera or species in
sect. Elmigera are less popular with breeders or less accessible. Despite not being used for
interspecific breeding, their hybrid potential is worth pursuing. For example, P. scariosus has been
listed as a candidate for cultivar development (Stevens et al., 2020).
CENH3 sequences were highly homologous among other Penstemon with a high degree of
compatibility. P. palmeri and P. laevis, had only one non-synonymous SNP with that of P.
barbatus in the N-tail region. P. eatonii and P. eatonii var. exsertus had CENH3a sequences
containing a 3-bp indel in the N-tail region and two synonymous SNPs. P. eatonii var. exsertus
contained one non-synonymous SNP in the HFD.
Phylogenetic versus interspecific hybridization data
Numerous genetic regions used for phylogenetic purposes, including internal transcribed
spacer (ITS), chloroplast DNA (cpDNA), and CENH3, have placed subg. Dasanthera in a sister
clade to the rest of subg. Penstemon (Wolfe et al., 2006; Wessinger et al., 2016). Therefore,
Penstemon’s phylogenetic trees suggests that hybridization outside of subg. Dasanthera to other
subgenera in Penstemon would likely be more difficult. This is consistent with interspecific
crossing data. Additionally, the phylogeny built using ITS demonstrated the relationship among
the six species of subg. Dasanthera in the Cascade Mountain range is much closer than the other
three Dasanthera species in the Rocky Mountains range (Wolfe et al., 2006). Most interspecific
hybrids in subg. Dasanthera was concentrated among the six species from the Cascade Mountain
range. Hybridization between the six species in the Cascade Mountain range and the three species
in the Rocky Mountains range was rare (Figure 4.1).
To date there have been no reports of P. montanus successfully hybridizing with other
species, even species of the same subgenus that also live in the Rocky Mountains range. Very few
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differences in both types of CENH3 existed between P. montanus and P. newberryi. There were 2
to 6 non-synonymous SNPs between P. montanus and P. newberryi in CENH3a. Most of them
were in the N-tail range of CENH3a, but one occurred in the Histone Fold Domain (HFD). In
CENH3b, there was only one non-synonymous SNP between P. montanus and P. newberryi that
occurred, which was in the HFD. Because we were only able to obtain CENH3 data from two of
the 9 Dasanthera species we could not develop a complete relationship to compare the results with
that of the ITS phylogeny, which contained all 9 species. No interspecific hybrids with P. montanus
have been reported, perhaps because it grows farther east than other species in the same subgenus.
Naturally occurring crosses with P. montanus would be unlikely due to its geographical isolation.
P. montanus may also not be as readily available to breeders as other species of subg. Dasanthera.
Although phylogenetic data may not reliably predict species compatibility, P. lyallii and P.
ellipticus are in closer proximity to P. montanus and may be more likely to successfully cross with
P. montanus than other Dasanthera species.
Crosses among Dasanthera and other subgenera have been reported, specifically with
species from sect. Saccanthera and three sections in subg. Penstemon. From Penstemon
phylogenetic trees, it was unclear which specific species could potentially hybridize with species
in subg. Dasanthera. The placement of Dasanthera species in a separate clade from Penstemon’s
other subgenera was congruent with ITS phylogeny; however, CENH3b showed an unexpected
relationship between Dasanthera and other subgenera in Penstemon. Dasanthera was not
separated into a sister clade to the rest of the subgenera in Penstemon. Additionally, Dasanthera
species shared the same ancestor with species in sect. Saccanthera. And sections Penstemon and
Ericopsis in subg. Penstemon were most closely related to subg. Dasanthera. Wolfe et al. (2006)
proposed that P. personatus should be removed from subg. Dissecti and re-classified into subg.
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Dasanthera based on the ITS phylogenetic tree in Penstemon. The sequencing data of CENH3b
was congruent with P. personatus.
Crossing data has not been complied for all species; however, this represents the most
complete compilation of crossing data to date at the species level in a single paper. While it is
possible the hub species are an artifact of some species being used more in parental lines, breeders
often migrate to species that are easier to cross rather than focusing on species that are challenging
and result in unsuccessful crosses. Additionally, the scientific method is not well adept at reporting
the absent or negative results (e.g. an unsuccessful interspecific cross) as it is reporting measurable
results (e.g. a successful interspecific cross). This meta-analysis also highlights what species have
attracted the most attention from breeders and could be used to focus on potentially underused
species for further investigative breeding work.
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Table 4.1
Category
1

2

3

4
5

Category description of interspecific crossing reliability.
Description
Crosses that resulted in at least one developed
seed, but most seeds appeared to be aborted
(very small in size compared to either parent or
shriveled) with questionable viability. Crosses
have only one or a few seeds.
Crosses that did not always result in viable
seeds. Seeds were only obtained from one or
two plants. The seeds were small but appeared
viable.

Sources in descending order
Crosses conducted at Brigham
Young University

Putative naturally occurring hybrids. Easy to
hybridize; most resulting seeds appeared to
have developed properly and were of a typical
size compared to the parental lines.
All attempted crosses were successful in at least
one direction. Many crosses in this category
resulted in named cultivars.
All attempted crosses were successful in both
directions. Many crosses in this category
resulted in named cultivars.

Steven’s et al., 2020; APS
bulletins; crosses conducted at
Brigham Young University
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Steven’s et al., 2020; APS
bulletins; crosses conducted at
Brigham Young University

Lindgren, 2006; APS
Bulletins; Stevens et al., 2020;
plant patents
Lindgren, 2006; APS
Bulletins; Stevens et al., 2020;
plant patents

Figure 4.1

Network of Penstemon interspecific hybridization compatibility.

Each node (depicted as a circle) represents a different species. The size of each node corresponds to the number of reported species
with which it can successfully cross. The color of each node corresponds to a species’ subgenus, section, and subsection: subg.
Habroanthus – orange, subg. Dasanthera – red, subg. Penstemon – blue, and subg. Saccanthera – green. The three-letter codes serve as
abbreviations for each species. Their full names are listed in Table B.1. The pink edges of the network (depicted as barbed lines)
represent crosses for which both parents have been reported to serve as the female line. The solid black lines represent a high rate of
hybridization between two species in one direction. The blue dashed line indicates hybridization between these two species that
resulted in poor seed set.
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Figure 4.2

Reported interspecific crosses of Penstemon species.

Colors correspond to different sections or subgenera of species. Penstemon subgenera were distinguished by hues of the same color
(Subg. Habroanthus – yellow/ orange, subg. Dasanthera – red, subg. Penstemon – blue, and subg. Saccanthera – green).
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Figure 4.3

Network of the interspecific compatibility among Penstemon barbatus, P. glaber, and the Flathead Lake complex.

Each node (depicted as a circle) represents a different species. The color of each node corresponds to a species’ subgenus, section, and
subsection: Subg. Habroanthus – orange, subg. Penstemon – blue, subg. Saccanthera – green, and Flathead Lake complex – yellow.
The name of species are abbreviations, and the full names are listed in Table B.1. The red edges indicate species that have only been
reported to hybridize with the Flathead Lake complex (FL) but not hybrids with P. barbatus or P. glaber. The orange line indicated
that these species have only been reported to hybridize with P. barbatus but not hybrids with the Flathead Lake complex or P. glaber.
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CHAPTER V
SOIL STEAMING REDUCES SOUTHERN BLIGHT AND WEEDS WHILE INCREASING
YIELD IN TOMATO HIGH TUNNEL PRODUCTION
Abstract
High tunnel production of tomatoes (Solanum lycopersicum L.) in Mississippi can result in
earlier crops and higher yields, but weeds, insects, and diseases can reduce farmers’ profitability
and output. Many of these problems arise from the soil and can be a perpetual problem. Soil
fumigation can mitigate these problems, but chemicals like methyl bromide are no longer being
produced and can deplete the ozone layer. Our research objectives were to study the impact of soil
steaming and black plastic mulch on weed coverage, southern blight, tomato fruit yield, and tomato
plant height. Three durations of steam [0, 5 and 20 min, once soil temperatures reached 180 °F (82
°C) at a depth of 4 inches (10 cm)] were applied to the soil. Half of each plot was randomly
assigned to be covered with plastic mulch, and the trial was replicated in three high tunnels. Soil
steaming and mulch reduced weed coverage of Palmer amaranth (Amaranthus palmeri S. Watson),
large crabgrass (Digitaria sanguinalis L.), and yellow nutsedge (Cyperus esculentus L.). Palmer
amaranth and large crabgrass were eliminated throughout the duration of the experiment in
steamed plots, even in the absence of plastic mulch. Steam and mulch also increased the tomato
plant size, fruit size, fruit number, and yield of the tomatoes. Additionally, soil steaming reduced
tomato southern blight, caused by Sclerotium rolfsii, 5.8-fold. These findings provide promising
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results for high tunnel tomato producers, particularly those involved in organic production where
pesticide and fumigation use is limited.
Introduction
High tunnels are amenable for tomato production and can increase tomato yields by
extending the growing season via warmer temperatures during the spring or fall and by providing
shelter from excessive rainfall. They can serve as a barrier to limit the entry of weeds, pathogens,
and insects. Weeds compete with crops for moisture, light, nutrition, and space, which cause
considerable crop losses (van Heemst 1985). The density of weeds is inversely correlated with
tomato yield. Monaco et al. (1981) studied the impact of four weed species and found that certain
weeds decrease yield more than others. Palmer amaranth and nutsedge spp. are the most common
and troublesome weeds for most crops in the United States and Canada (van Wychen 2019). In
Mississippi, yellow nutsedge and large crabgrass are among the five most common weeds in
tomato production (van Wychen 2016). Yellow nutsedge’s primary method of reproduction is
through underground vegetative propagules, which makes it difficult to control (Chase et al. 1998).
Morales-Payan et al. (2003) reported a 34% tomato dry weight reduction due to yellow nutsedge
competition. Large crabgrass readily forms adventitious roots at the stem nodes (called tillers),
which allow it to generate thick mats and crowd out other plant material (Mitich 1988). Tomato
yields can decline by 75% under crabgrass competition (Monaco et al. 1981), and the total and
marketable yields of tomatoes are reduced under Palmer amaranth competition (Garvey et al.
2013). Besides its rapid growth, Palmer amaranth readily develops herbicide resistance (Ward et
al. 2013). Until now, at least five different herbicide mechanisms of action have been reported in
Palmer amaranth, two of which have been found in Mississippi (Nandula et al. 2012; Ribeiro et al.
2012; Ward et al. 2013). Black plastic (or colored) mulch is commonly used in vegetable
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production, including tomatoes, to reduce weed populations (Lament 1993). While effective
against most weeds, nutsedge can penetrate the mulch and become problematic, particularly under
organic production (Bangarwa et al. 2008).
In addition to weeds, diseases and insects also reduce high tunnel tomato production,
especially some common soilborne diseases in tomatoes, such as fusarium wilt, bacterial wilt,
verticillium wilt, and southern blight. Southern blight is one of the most destructive soilborne
diseases in the southeastern U.S. and is caused by Sclerotium rolfsii. Rolfs (1893) was the first to
document the disease in Florida, which caused blight in 7 to 70% of tomato plants before the
tomatoes were ready for harvest.
Sclerotium rolfsii usually infects the crown or lower portions of the plant nearest the soil
surface. Symptoms include the development of a conspicuous layer of white hyphae and brown,
spherical sclerotia at the crown of the plant. As the disease progresses, S. rolfsii releases cell-wall
digesting enzymes into the stem tissues, which disrupts the vasculature and results in wilting of
the entire plant (Punja 1985). Southern blight is very difficult to control. It can remain viable for
several years even under severe conditions and has a wide range of hosts, including more than 500
plant species in 100 plant families (Aycock 1966). Sclerotium rolfsii can survive at 39 to 104 °F
(4 to 40 ℃), but it is highly infectious between 68 to 95 °F (20 to 35 °C; Aycock 1966; Ayed et
al. 2018). At least six southern blight-resistant tomato lines have been identified, but none of them
are widely used (Leeper et al. 1992).
Many soilborne pathogens are challenging to control due to their ability to remain viable
for several years in the soil. Methods to reduce soilborne pathogens have been developed. For
example, methyl bromide (MBr) is an effective soil fumigant that controls weeds, soilborne
diseases, and pests. It has been widely used in the production of fresh vegetables and fruits,
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especially tomato, strawberry, and bell pepper (Piccirillo and Piccirillo 2010). However, the
United States Environmental Protection Agency has phased out its production and use because it
depletes the ozone layer (US EPA 2020). Researchers have been working on MBr alternatives,
such as 1,3-dichloropropene, chloropicrin, and dimethyl disulfide. However, alternative fumigants
typically have a reduced ability to target a broad spectrum of organisms compared to MBr and
require being mixed with additional fumigants or pesticides to achieve reasonable control (Sande
et al. 2011). Using multiple chemicals increases fumigation costs and can make it financially
challenging for small-scale farmers. Additionally, many of these chemicals have been shown to
negatively impact the health of humans, animals, beneficial insects, and the environment (Wagner
and Nelson 2014; Alberto et al. 2016; Centner et al. 2019).
With increasing concern for food safety and environmental sustainability, consumer
preference for organic food has led to a rise in organic farming (Maeder et al. 2002; Kristiansen et
al. 2006). USDA Economic Research Service (2013) reported the acreage of organic tomatoes in
the United States increased from 1.62% in 2005 to 2.52% in 2011. Organic tomatoes account for
6% of the total organic vegetable acreage, which is third only to lettuce and carrots. Therefore,
using non-chemical methods that are effective in controlling weeds and soilborne diseases will
continue to be of increasing interest and demand.
Crop rotation is a traditional method to control weeds and soilborne diseases, but because
S. rolfsii has such a broad host range and can survive for many years in the soil, it can be
perpetuated despite crop rotation (Ayed et al. 2018). Soil solarization is a method of heating the
soil to control weeds, diseases, and pests by trapping solar energy under clear plastic placed on top
of the moist soil surface. Unfortunately, results can be inconsistent and may not be as effective as
MBr (Ristaino et al. 1991; Hartz et al. 1993; Chellemi et al. 1994). Additionally, solarization has
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some deficiencies, including a limitation on the soil depth, the number of weeks required to
solarize the soil, and the weather requirements, including extended periods of sunlight with little
rainfall and warm temperatures (Stapleton et al. 2000). Therefore, solarization is not always
practical or reliable in comparison to MBr, especially in regions where rainfall occurs regularly.
Soil steaming has been used as an effective method of soil pasteurization since the 1800s
in the U.S. (Baker 1962). Soil steam treatments above 212 °F (100 °C) kill most living organisms,
but such high temperatures also destroy much of the beneficial soil microbes, release toxic
manganese and ammonia, and create a biological vacuum in the soil (Messing 1965; Baker 1970;
Roux-Michollet et al. 2008; Gamliel and van Bruggen 2016). Lower temperatures [160-180 °F (71
to 82 °C)] for a specific duration (no more than 30 min) are not only able to effectively kill most
pathogens and weeds but also significantly reduce the adverse effects on the soil (Dawson et al.
1965; Bollen 1985; van Loenen et al. 2003; Vidotto et al. 2013). Research in strawberries and cut
flowers has shown that soil steaming’s effectiveness is comparable to MBPic (methyl bromide and
chloropicrin)—a standard fumigation combination used to reduce weed density and weed viability
(Samtani et al. 2012; Rainbolt et al. 2013). Luvisi et al. (2008) reported that soil steaming treatment
reduced the incidence of Fusarium oxysporum f.sp. and S. rolfsii by 80 and 68%, respectively, in
tomatoes. To date, we are not aware of any reports of high tunnel soil steaming use in Mississippi.
The objective of this study was to evaluate the impact of soil steaming on weed control and
southern blight disease in high tunnel tomato production in Mississippi.
Material and Methods
Experimental site. The study was conducted in three high tunnels at the Truck Crops
Experiment Station in Crystal Spring, MS (lat. 31°56ʹ45.8’’N, 90°22ʹ40.4’’ W) during the 2019
spring cropping season (Mar. to July). The clay-loam soil had a pH ranging from 5.9-6.2 within
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the high tunnels. Fertilizer was applied based on the soil test recommendations. Two of the high
tunnels were previously used for organic tomato production for at least three consecutive years,
and in each year, tomato loss occurred from infection of Sclerotium rolfsii. The third high tunnel
had been used for conventional production but had been fallow for several years.
The soil was tilled, and rows were shaped with a soil bedder. A split-plot, randomized
complete block design was used for the steam treatments with four replications in each high tunnel.
The plots were split to experimentally isolate the impact of steaming on weeds from the impact of
steaming on S. rolfsii. On one half of each plot (which was randomly selected), Palmer amaranth
(Amaranthus palmeri), large crabgrass (Digitaria sanguinalis), and yellow nutsedge (Cyperus
esculentus) seeds were combined in equal parts and sown at a density of 1.86 plants/ft2 (20
plants/m2). These subplots would be used for measuring the impact of soil steaming on weed
control. The plots were then randomly assigned to be steamed at 0 (no steam), 5, or 20 min,
meaning that steam was applied to maintain a temperature of at least 180 °F (82 °C) for 5 or 20
min at a depth of 4 inches (10 cm). To apply the steam, a woven, nylon sock was placed over the
center of each plot assigned to be steamed and covered with a heat-resistant tarp. Chains were
placed around the parameter of the tarp to prevent steam loss. A steam generator (Sioux SteamFlo® SF-20; Beresford, SD., USA) was used to create the steam. To the other half of each plot,
which would be used to measure the impact of steaming on S. rolfsii, black, 1-mil thick plastic
mulch was laid after steam was applied to eliminate weeds. Drip irrigation was then installed on
each row.
This split-plot design resulted in 24 subplots [3 × 20 ft (91 × 610 cm)] per high tunnel.
Finally, each subplot was planted with six Solanum lycopersicum var. Mountain Merit transplants
that were spaced two feet apart. The transplants were generated by sowing seeds into 72-cell plug
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trays filled with soilless potting media (Pro-mix BX; Rivière-du-Loup, Quebec, Canada) and
grown in a greenhouse. The tomatoes developed at least four true leaves at the time of transplant
on 26 Mar. 2019. To minimize S. rolfsii infection in the split-plots designated for weed analysis, a
3-inch (8-cm) strip of aluminum foil was gently wrapped around the crown and stem of each
tomato seedling.
Data analysis. Tomato yields (weight and fruit number), tomato heights, weed density, and
southern blight data were collected from each plot. Tomatoes were harvested from 30 May 2019
to 18 July 2019. Fruits were graded as marketable or cull, and the total yield was the sum of
marketable yield weights and cull yield weights. The response variables were analyzed using
generalized linear mixed model (procedure PROC GLIMIMIX) employed in SAS (version 9.4;
SAS Institute, Gary, NC).
Results
Approximately 1.5 to 2 h were required for the steam to warm soils to 180 °F (82 °C) at a
depth of 4 inches (10 cm) for the 5- and 20-min treatments. Steaming significantly reduced the
incidence of weeds and southern blight (Figure 5.1, 5.2; Table 5.1) while increasing tomato fruit
yields (Figure 5.2; Table 5.2).
Southern blight
On average, 24.5% of the tomato plants developed southern blight in plots where no steam
was applied. Soil steaming reduced the incidence of southern blight by more than 5-fold (P-value
= 0.0031) to 4.2%. The subplots with the lowest incidence of southern blight (1.4%) were treated
with 5 min of steam and were not mulched. Extending the steam treatment to 20 min did not further
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reduce the incidence of southern blight (Figure 5.1). The aluminum foil and mulch did not reduce
southern blight (P-value = 0.4592).
Weed control
Soil steaming reduced weed coverage (Table 5.1). In plots that were not steamed, the
average weed coverage 8 weeks after transplant (WAT) of large crabgrass, Palmer amaranth, and
yellow nutsedge was 48.3, 7.9, and 52.5%, respectively. Soil steaming reduced the coverage of
large crabgrass and Palmer amaranth to 0% at both 5- and 20-min treatments. Yellow nutsedge
coverage was reduced to 17.1% in subplots with 5-min steam treatments and 16.3% at 20-min
treatment 8 WAT (P-value = 0.0217). At 10 WAT, weed coverage in plots that were not steamed
was comparable to 8 WAT with large crabgrass, Palmer amaranth, and yellow nutsedge at 56.3,
15.0, and 57.1%, respectively. In steamed subplots at 10 WAT, the total control (0% coverage) of
large crabgrass and Palmer amaranth was still observed; additionally, there remained a significant
reduction, at 10 WAT (P-value = 0.0104), of yellow nutsedge with both 5 and 20 min of steam
(Table 5.1). Like what was observed in the incidence of southern blight, extending the steam
treatment to 20 min did not further reduce weed coverage.
Tomato yield
Both soil steaming and mulching increased the marketable yield, cull yield, total yield, and
marketable percentage of yield (Table 5.2). The marketable yield increased from 0.20 lb/plant
(0.09 kg/plant) at 0 min to at least 3 lb/plant (1.4 kg/plant) at 5 and 20 min steaming in subplots
without mulch. The marketable yield was not different between steamed plots (5 or 20 min) with
plastic mulch. Additionally, the marketable yield in mulched plots was higher than those without
mulch. The highest marketable yield mean [4.4 lb/plant (2 kg/plant)] resulted from subplots treated
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with 20-min steam and mulch. There was no difference in marketable yield in subplots that were
mulched and those that were not in plots that were steamed for 5 or 20 min (Table 5.2).
Steam and mulch in combination or as an isolated treatment increased cull yield. Cull yield
in subplots without steam or mulch was 3.3 lb/plant (1.5 kg/plant). Applying 5- or 20-min steam
treatments increased cull yield in subplots without mulch to 7.6 lb/plant (3.5 kg/plant; Table 5.2).
Cull yield in mulched subplots that were steamed for 20 min was higher than in plots that received
no steam. There was no difference in cull yield at 5- or 20-min steam between subplots, with or
without mulch (Table 5.2).
The total yield exhibited a similar trend as with the cull yield, which was affected by soil
steaming and the mulch treatment. Total yield increased from 3.5 lb/plant (1.6 kg/plant) at 0 min
to 10.7 lb/plant (4.9 kg/plant) at 5 min and 10.6 lb/plant (4.8 kg/plant) at 20-min soil steam in
subplots without mulch (Table 5.2). Although the total yield increased as the steaming duration
increased from 0 to 20 min in mulched subplots, there was only a significant difference between 0
and 20 min of steam and not 0 and 5 min. The highest total yield [14.6 lb/plant (6.6 kg/plant)]
resulted from 20 min steaming with mulch. There was no difference in the total yield at 5- or 20min steam between subplots, with or without mulch (Table 5.2).
The marketable percentage of yield increased from 4% at 0 min to 26.3% at 5 min and
26.8% at 20 min in subplots that were not mulched (Table 5.2). However, soil steaming did not
impact the marketable percentage of yield in mulched subplots. Mulching did increase the
marketable percentage of yield over subplots that were not mulched.
Tomato fruit number
Both soil steaming and mulching increased the marketable fruit number (Table 5.2). The
marketable fruit number increased from 0.3 fruit/plant at 0 min to at least 4.6 fruit/plant with
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subplots treated with 5 or 20 min soil steaming. Soil steaming and mulching combined did not
further increase the tomato fruit number. There was no difference in the marketable fruit number
at 5- or 20-min steam between mulched subplots and subplots that were not mulched (Table 5.2).
The cull fruit number was higher in mulched subplots steamed for 20 min compared to
subplots that were not steamed or mulched. There was no difference in the cull fruit number at 5or 20-min steam between subplots with and without mulch (Table 5.2).
Soil steaming and mulching increased the total fruit number. In subplots that were not
mulched, the total fruit number increased from 15.6 fruit/plant at 0 min to at least 27.6 fruit/plant
when 5 or 20 min of steam was applied (Table 5.2). The highest total fruit number (34.8 fruit/plant)
came from mulched subplots that were steamed for 20 min. There was no difference in total fruit
number at 5- or 20-min steam between subplots that were or were not mulched (Table 5.2).
Tomato fruit size
Steaming and mulching increased the marketable and cull fruit size (Table 5.2). However,
both steaming and mulch were necessary to increase the marketable fruit size over subplots that
were not steamed or mulched [from 0.56 lb/fruit (0.25 kg/fruit) to 0.68 lb/fruit (0.31 kg/fruit)].
Cull fruit size increased from 0.2 lb/fruit (0.1 kg/fruit) at 0 min to 0.3 lb/fruit (0.1 kg/fruit) at 5and 20-min steamed soil in subplots with or without mulch (Table 5.2).
Tomato plant height
Steaming and mulching increased tomato plant height (Figure 5.3). Soil steaming for 20
min increased the mean tomato plant height by 2 inches (5 cm) compared to tomatoes growing in
subplots that did not receive steam, regardless of the presence or absence of mulch (P-value

98

0.0243). Mulch increased the mean tomato plant height by 11 inches (27 cm) regardless of steam
(P-value <.0001).
Discussion
Aluminum foil wrapped around the stem of tomato plants has been shown to reduce
infection of Sclerotium rolfsii in tomatoes by nearly 90% (Baxter et al. 1977). We were unable to
achieve effective control using aluminum foil. Many of the foil collars broke down over time as
the tomato stems grew larger. Roberts (2012) reported that the infected rate of southern blight in
tomatoes increases with the use of black polyethylene mulch because of increased soil
temperatures. However, mulching creates a physical barrier between fruit, stems, and leaves from
plants touching the soil surface and may decrease the infection rate of S. rolfsii (Ridge and Shew
2014). In our study, mulching did not affect the incidence of southern blight.
There are documented accounts of Amaranthus, Digitaria, and Cyperus being infected with
S. rolfsii (Farr and Rossman n.d.). Weeds, both host and non-host species, could potentially
increase the infection of S. rolfsii in neighboring plants (Jenkins & Averre 1986); therefore,
controlling weeds could reduce the incidence of S. rolfsii (Aycock 1966). Our results did not
confirm this. In the mulched subplots that were not steamed, there were far fewer weeds, but the
incidence of southern blight was equivalent to subplots that were not mulched or steamed.
Sclerotinia rolfsii may be able to escape the impact of soil steaming if it is below the region
heated from the steam (Samtani et al. 2012; Rainbolt et al. 2013). Additionally, S. rolfsii can be
spread by human contact, such as when the fruits are harvested, weeds are pulled, support ties are
added, and dead plants are removed (Punja 1985; Mullen 2001). Our data is indicative of these
two scenarios. For example, all diseased plants in the control group (at 0-min steam) developed
the disease within the first three weeks of harvest; conversely, only 50% (4 plants) of diseased
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plants were found in soils that were steamed for 5 min. No diseased plants were found in soils
steamed for 20 min during the same initial 3-week harvest window. Even though we did not see
100% control through steaming, this suggests that soil steaming can delay the occurrence of
southern blight during tomato harvest, leading to higher yields. And some of the diseased plants
in the steam treatment group may have been infected by nearby tomatoes or weeds rather than
through the soil. Finally, steaming the entire high tunnel, versus leaving sections of soil untreated
with steam for experimental purposes, may be even more effective at reducing southern blight in
high tunnels.
In our study, marketable yield was much lower than the cull yields regardless the treatment
group. Most of the tomato culls had blossom-end rot. Although the reason for this is unknown, the
high number of culls may have been because of cultivar selection, environmental conditions within
the high tunnel, irregular irrigation, fertilizer application, or other management methods (Kayum
et al. 2008; Hanna 2009; Arah et al. 2015). While we did not witness any issues with irrigation, an
earlier planting date, such as mid-February, may have reduced exposure to high temperatures at
the early stages of fruit development that can occur in high tunnels.
Steaming and mulching increased plant height, but the effect of mulching was much greater
than that of steaming. The plant height of all mulched groups (regardless of the steam treatment)
was significantly higher than that of groups without mulch. The average plant height in the
mulched group was at least 85% taller than that in the non-mulched group. It was shown that black
polyethylene mulch is more conducive to tomato plant growth and may still be beneficial for
tomato crop production, even if soil steaming is not implemented. Mulch not only controls weeds
but also modifies a plant’s microclimate, such as soil moisture, soil temperature, and light qualities
(Voorhees et al. 1981; Liakatas et al. 1986). Black plastic mulch can improve the yield, plant
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growth, and morphogenesis of tomatoes and bell peppers by altering soil temperature and the
quality of light around the plants (Decoteau et al. 1986, 1990). Díaz-Pérez and Batal (2002)
demonstrated that the yield and plant growth of tomato plants were highest when colored mulch
helped root zone temperature to reach optimal levels. Although soil temperature, light quality, and
other components of a plant’s microclimate were not measured in this study, the results showed
that black plastic mulch promoted plant growth, fruit quality, and tomato yield. These properties
were not replaced by steaming alone.
In our study, soil steaming significantly reduced weed coverage in all three weed types.
Soils heated to 180 °F (82 ℃) and sustained for either 5 or 20 min completely prevented the growth
of the large crabgrass and Palmer amaranth for the duration of the tomato harvest, and the weed
coverage rate of yellow nutsedge was reduced by more than 60% at 10 WAT. While nutsedge
tubers were sown in all three high tunnels, nutsedge populations were already present in the soil
seedbank in two of the high tunnels. Nutsedge was completely absent in the steamed subplots in
the high tunnel without a pre-existing nutsedge population; however, only a maximum nutsedge
coverage of 5% was measured in subplots that were not steamed in this high tunnel. This suggests
that most yellow nutsedge in our trial resulted from pre-existing populations, and the sown tubers
either did not readily germinate or were overtaken by the faster-growing large crabgrass or Palmer
amaranth. Furthermore, it is likely that soil steaming killed most or all the nutsedge tubers that
were sown on the soil surface; however, the nutsedge already present in the high tunnel soil may
have been below the steaming depths. Samtani et al. (2012) demonstrated that yellow nutsedge
viability was significantly reduced by soil steaming at 158 (70 ℃) for 20 min, but it was not
reduced to zero. Yellow nutsedge tubers are more resistant to heat than seeds of other weed species
(Bloemhard et al. 1992), and seed viability is conditioned on not just the temperature but the
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amount of time at a given temperature (Dahlquist et al. 2007); therefore, more research will be
needed to determine methods by which more effective nutsedge control can be achieved through
soil steaming.
Soil steaming has not been readily adopted in agriculture because of fuel costs and
application challenges on a large scale. There have also been cheaper alternatives, such as methyl
bromide, that are easier to scale up. For example, in strawberry production, the net revenue of the
steam treated group was only 65% of the methyl bromide treatment group due to fuel costs needed
to run the steam generator (Samtani et al. 2012). Unfortunately, methyl bromide can pose health
risks to farmers if improperly used, and it cannot be utilized in organic farming, which is a steadily
increasing segment of vegetable production. It also has become more heavily regulated over time
and requires that applicators become certified to use it.
In our study, the fuel cost was $20-25 per 500 sq ft ($4,305-5,382 /hectare). The duration
of soil steaming was not significant for most metrics (i.e., 5-min steam was as effective as 20 min).
However, in most metrics, subplots that were steamed for 20 min had slightly higher numbers
(although not significant) than those of 5 min. The cost of running the steamer for an additional
15 min per section may not be economically viable. Because both 5- and 20-min steam treatments
were not significantly different in terms of tomato yield or quality, we recommend using 5 min of
steam to save fuel costs. As more research and technological advances in soil steaming are
developed, it will likely drive down costs while making soil steaming even more effective.
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Table 5.1

Impact of soil steaming on coverage (%) of large crabgrass, Palmer amaranth, and yellow nutsedge 8 and 10 weeks after
transplant.
Steam

Large crabgrass

Palmer amaranth

Yellow nutsedge

(min)

8 WAT

10 WAT

8 WAT

10 WAT

8 WAT

10 WAT

0

48.3a

56.3a

7.9a

15.0a

52.5a

57.1a

5

0b

0b

0b

0b

17.1b

17.8b

20

0b

0b

0b

0b

16.3b

20.4b

P-value

<.0001

<.0001

0.0008

0.0033

0.0217

0.0104
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Table 5.2

Impact of soil steaming and mulching on mean marketable yield, cull yield, total yield, marketable fruit number, cull
fruit number, total fruit number, marketable fruit size, cull fruit size, and marketable yield percentage. (1 lb = 0.45 kg.).
Fruit number

Fruit size

(fruit/plant)

(lb/fruit)

Yield (lb/plant)

Steam

MKT/ total

(min)

Mulch

Cull

Market

Total

Cull

Market

Total

Cull

Market

yield (%)

0

without

3.28c

0.20b

3.48c

15.3b

0.3b

15.6b

0.22b

0.56b

4.0b

with

6.75b

3.34a

10.09b

19.4ab

5.4a

24.8ab

0.35a

0.62ab

32.8a

without 7.61ab

3.12a

10.73ab 23.1ab

4.6a

27.6a

0.35a

0.64ab

26.3a

9.38ab

4.21a

13.58ab 26.4ab

6.2a

32.6a

0.36a

0.67a

30.8a

without 7.58ab

3.00a

10.58ab 22.9ab

4.7a

27.7a

0.35a

0.62ab

26.8a

10.18a

4.38a

14.55a

28.5a

6.3a

34.8a

0.37a

0.69a

30.8a

Steam P-value

<.0001

0.0004

<.0001

0.0064

0.0011

0.0003 0.0069

0.0143

0.0001

Mulch P-value

0.0002

<.0001

<.0001

0.0616

<.0001

0.0036 0.0094

0.0074

<.0001

0.5680

0.1158

0.1832

0.9188

0.0434

0.7712 0.0382

0.5141

<.0001

5

with
20

with

Steam * mulch Pvalue
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Table 5.3

The mean height of tomato plants in different levels of treatment at wat 8 and 10
weeks. (1 cm = 0.39 inches.)
Steam (min)

Plant height (cm)
8 zWAT

10 WAT

without

16.67b

26.50b

with

34.92a

56.94a

without

19.75b

33.83b

with

36.17a

57.57a

without

20.58b

33.89b

with

36.75a

59.27a

Steam P-value

0.0145

0.0243

Mulch P-value

<0.0001

<0.0001

Steam * mulch P-value

0.5245

0.1751

0

5

20

z

Mulch

Weeks after transplant
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Figure 5.1

Southern blight and weed development in tomatoes.

(A) Fruiting tomato plant with southern blight. (B) Sclerotium rolfsii sclerotia on tomato crown.
(C) Subplots treated with 20 min of steam and without (0 min) steam.
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Figure 5.2

Tomato southern blight disease decreased in steamed soils.

Figure 5.3

Steam and mulch increased tomato plant height 10 WAT.

(A) Impact of steam on tomato plant height. (B) Impact of mulched tomato plant height. Letters
above the bars designate significance.
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CHAPTER VI
CONCLUSION
Characteristic of Penstemon CENH3s
Two types of CENH3 (CENH3a and CENH3b) were successfully amplified from total
RNA leaf extractions in 53 out of 62 Penstemon species. Excluding duplicate sequences, 64 unique
CENH3as were cloned from 46 species and 22 unique CENH3bs were cloned from 20 species.
Only one type of CENH3 was cloned from most accessions; however, both CENH3a and CENH3b
were successfully cloned from only 13 accessions. CENH3b is generally 72bp shorter than
CENH3a and has only five exons instead of seven. The 72-bp indel occurred in a specific region
of CENH3’s N-tail. Across the species sampled, the N-tail region of Penstemon’s CENH3a and
CENH3b is only about 69% homologous while the histone fold domain (HFD) is as high as 85%.
There were 32 CENH3 sequences that contained a premature stop codon due to improper
splicing of the mRNA of cenh3. CENH3a were cloned and sequenced 2.9-fold more than CENH3b
while mis-spliced cenh3b were sequenced 5.4-fold more than cenh3a. Most of mis-spliced cenh3b
was caused by the retention of unprocessed intron fragments. Our data suggest that CENH3b may
be more prone to mis-splicing than CENH3a. Although it is not clear what role mis-splicing plays
in CENH3 in Penstemon and why it occurs more frequently in CENH3b, these data suggest that in
Penstemon CENH3a may play a more predominant role in cellular function at the centromeric
nucleosomes than CENH3b.
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When CENH3 sequencing data was used to develop phylogenic trees the results of
CENH3a are consistent with trees constructed using the internal-transcribed spacer (ITS);
however, the resulting phylogeny of CENH3b is different from that of CENH3a and ITS.
Phylogenetic comparison shows the evolutionary rates between ITS and CENH3a in Penstemon
are similar.
Interspecific crossing data was used to visualize compatibility among Penstemon species.
P. barbatus and P. palmeri have the most documented interspecific crosses in the genus. We found
that P. barbatus contained one of the most common CENH3a sequences among all species
analyzed. Only one non-synonymous SNP at the N-tail region CENH3a exists between P. barbatus
and P. palmeri. Future work could focus on the function of CENH3a, CENH3b, the Penstemon’s
mis-spliced variants and how those variants are involved in cell division and interspecific crosscompatibility.
Soil steaming
Soil steaming significantly reduced weed coverage of Palmer amaranth, large crabgrass,
and yellow nutsedge in high tunnel tomato production. The growth of Palmer amaranth and large
crabgrass was completely eliminated for the duration of the experiment by heating the soil to 82
°C at a depth of 10 cm and maintaining that temperature for 5 or 20 min. Yellow nutsedge coverage
was reduced more than 60% 10 WAT. It was likely not eliminated because of the depth of the
tubers in the soil. Soil steaming also increased tomato quality, including plant size, fruit size, fruit
number, and yield. Additionally, soil steaming also reduced southern blight by more than 5-fold.
Most metrics used in the study were not significantly improved by steaming for 20 min
versus 5 min in our study. Actual numbers for most metrics were better with 20 min, but the cost
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and time of steaming for an extra 15 min could be a considerable cost for a producer. Therefore,
we recommend holding the soil at 82 °C for 5 min to have the highest economic improvement.
Future work will focus on delivering soil steam more deeply into the soil for effective yellow
nutsedge control and examining lower temperatures such as 70 °C.
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Table A.1

List of abbreviated species name.

Abbreviation
ABE
ALB
ALP
AMB
ANG
ARI
ARK
ATT
AUS
AZU
BAR
BRT
BDG
BRE
BCK
CSP
CAL
CAM
CNE
CRD
CDW
CRY
CEN
CIN
CLV
CLU
COB
CMR
COM
CNF
CRN
CYA
CYE
DAV
DEU
DIG
EAT
ELG
ELP
ERI
EUG

Species full name

Group code

P. albertinus
P. albidus

P1.3
P4

P. alpinus = P. glaber var. alpinus？
P. ambiguus
P. angustifolius
P. aridus
P. arkansanus
P. attenuatus
P. australis
P. azureus
P. barbatus
P. barrettiae
P. brandegeei
P. brevisepalus = P. canescens/ P. pallidus
P. buckleyi
P. caespitosus
P. calycosus
P. campanulatus
P. canescens
P. cardinalis
P. cardwellii
P. caryi
P. centranthifolius
P. cinicola
P. clevelandii
P. clutei
P. cobaea
P. comarrhenus
P. compactus
P. confertus
P. crandallii
P. cyananthus
P. cyaneus
P. davidsonii
P. deustus
P. digitalis
P. eatonii
P. elegantulus
P. ellipticus
P. eriantherus
P. euglaucus
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H1
P2.4
P5
P1.3
P1.1
P1.2
P1.1
S1.1
H2
D
H1
P1.1
P5
P2.2
P1.1
P7.2
P1.1
H2
D
H1
P6.2
P1.2
P6.1
P6.1
P4
H1
H1
P1.2
P2.2
H1
H1
D
P1.8
P1.1
H2
P1.3
D
P4
P1.2

Table A.1 (continued).
Abbreviation
FEN
FIL
FLD
FRE
FRU
GEN
GIB
GLA
GLO
GAC
GRA
GRN
HTW
HAV
HAY
HET
HIR
HUM
ISO
KUN
LAB
LAE
LVG
LAV
LAR
LIN
LUC
LYA
MEN
MUR
NAN
NAV
NEO
NEW
NIT
OKL
OLI
OVA
PAC
PLD
PAL

Species full name
P. fendleri
P. filisepalis
P. floridus
P. fremontii var. fremontii
P. fruticosus
P. gentianoides
P. gibbensii
P. glaber
P. globosus
P. gracilis
P. grandiflorus
P. grinnellii
P. hartwegii
P. havardii
P. havardenii
P. heterophyllus
P. hirsutus
P. humilis
P. isophyllus
P. kunthii
P. labrosus
P. laetus
P. laevigatus
P. laevis
P. laricifolius
P. linarioides
P. luculentus = P. fremontii var. glabrescens
P. lyallii
P. mensarum
P. murrayanus
P. nanus
P. navajoa
P. neomexicanus
P. newberryi
P. nitidus
P. oklahomensis
P. oliganthus
P. ovatus
P. pachyphyllus
P. pallidus
P. palmeri
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Group code
P5
P7.1
P6.1
H1
D
P7.1
H1
H1
P1.2
P1.1
P5
P6.1
P7.1
P6.3
P5
S1.1
P1.1
P1.3
P7.1
P7.2
H2
S1.1
P1.1
H1
P2.1
P2.3
H1
D
H1
P6.3
P4
H1
H1
D
P5
P1.1
P1.3
P1.3
P5
P1.1
P6.1

Table A.1 (continued).
Abbreviation
PAR
PAV
PAY
PEK
PEP
PET
PIN
PLA
PRA
PRO
PRC
PSU
RAT
RIC
ROE
ROS
RUP
RYD
SCR
SEC
SEP
SMA
SPC
SPT
STR
SBG
SBS
SER
SBU
SUP
TEN
TOM
TUR
TID
TRF
TRP
TUB
UNI
UTA
VIR

Species full name
P. parryi
P. parvulus
P. payettensis
P. peckii
P. perpulcher
P. petiolatus
P. pinifolius
P. platyphyllus
P. pratensis
P. procerus
P. procumbens
P. pseudospectabilis
P. rattanii
P. richardsonii
P. roezlii
P. rostriflorus
P. rupicola
P. rydbergii
P. scariosus
P. secundiflorus
P. sepalulus
P. smallii
P. speciosus
P. spectabilis
P. strictus
P. subglaber
P. subserratus
P. serrulatus
P. subulatus
P. superbus
P. tenuis
P. thompsoniae
P. thurberi
P. tidestromii
P. triflorus
P. triphyllus
P. tubaeflorus

Group code
P6.2
S1.1
H1
P1.2
H1
P6.4
P7.1
S1.1
P1.2
P1.2
P2.2
P6.1
P1.3
S1.2
S1.1
S2
D
P1.2
H1
P5
S1.1
P1.1
H1
P6.1
H1
H1
P1.3
S1.2
P6.2
P6.2
P1.1
P2.2
P2.4
H1
P4
S1.2
P1.4

P. unilateralis = P. virgatus？
P. utahensis
P. virens

H1
P6.2
P1.3
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Table A.1 (continued).
Abbreviation
VRG
WAT
WIP
WIL
WIS

Species full name
P. virgatus
P. watsonii
P. whippleanus
P. wilcoxii
P. wislizeni

Group code
H1
P1.2
P1.3
P1.3
H2
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Table A.2

Reference data for interspecific crossing data meta-analysis.
Y

X

Male Parent
P. wilcoxii
P. brandegeei
P. isophyllus

F
Tax.
P1.3
H1
H1

P. ambiguus
P. angustifolius

P. thurberi
P. grandiflorus

P2.4
P5

P2.4
P5

5
3
3
3
3

P. angustifolius
P. angustifolius
P. aridus
P. attenuatus
P. azureus

P. nitidus
P. secundiflorus
P. laricifolius
P. fruticosus
P. laetus

P5
P5
P1.3
P1.2
S1.1

P5
P5
P2.1
D
S1.1

3
4
5
3
5
3
4
5

P. barbatus
P. barbatus
P. barbatus
P. barbatus
P. barbatus
P. barbatus
P. barbatus
P. barbatus

P. albidus
P. alpinus
P. comarrhenus
P. glaber
P. heterophyllus
P. laevis
P. neomexicanus
P. palmeri

H2
H2
H2
H2
H2
H2
H2
H2

P4
H1
H1
H1
S1.1
H1
H1
P6.1

5

P. barbatus

P. serrulatus

H2

S1.2

P. barbatus

P. strictus

H2

H1

P. barbatus

P. virgatus

H2

H1

P. barrettiae
P. barrettiae
P. barrettiae
P. brevisepalus
P. brevisepalus
P. caespitosus

P. cardwellii
P. davidsonii
P. fruticosus
P. richardsonii
P. attenuatus
P. smallii
P. crandallii

D
D
D
D
P1.1
P1.1
P2.2

D
D
D
S1.2
P1.2
P1.1
P2.2

P. caespitosus

P. linarioides

P2.2

P2.3

P. digitalis
P. buckleyi
P. fendleri
P. havardii

P1.1
P7.2
P7.2
P7.2

P1.1
P5
P5
P6.3

Z

Category
3
4
3

Female Parent
P. albertinus
P. alpinus
P. alpinus

5
3

5
4
5
3
4
3
3
3
4
5
5
3
3
2

P. barrettiae

P. calycosus
P. campanulatus
P. campanulatus
P. campanulatus

121

M
Tax.
P1.3
H1
P7.1

W

Reference
APS 56-1 1997 pp14, 34
Lindgren, 2006;
APS 22 1963 p58
Stevens et al., 2020; APS 53-1
1994 p8; 60-2 2001 pp12, 3141;
APS 48-1 1989 p6
Stevens et al., 2020; APS 25-1
1966 p150-B; 27-1968 p55;
53-1 1994 p65
Stevens et al., 2020;
APS 37 1978 p72
APS 44-2 1985 p33
APS 64-1 2005 p14
APS 36 1977 p58; 55-2 1996
p6;
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;
Partent, APS 36 1977 p26
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020; APS 20
1961 pp15-21; 18 1959 p122;
Lindgren, 2006; 3, APS 39-2
1980 p25; 22 1963 p120;
Stevens et al., 2020; APS 51-1
1992 p35;
Lindgren, 2006; APS 29-1970
p54; 31 1972 p75;
APS 18 1959 p85
Lindgren, 2006;
APS 63-1-2004 P21
APS 17-sup 1958 p126
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020; APS 30
1971 p40
Lindgren, 2006; APS 32 1973
p7-B; 36 1977 p33
APS 25 1966 p160
APS 25 1966 pp30, 156
APS 25 1966 pp151, 165

Table A.2 (continued).
Y

X

Category Female Parent
3
P. campanulatus
3
P. campanulatus

Male Parent
P. isophyllus
P. kunthii

F
Tax.
P7.2
P7.2

3

P. parryi

P7.2

P6.2

P. canescens

P. arkansanus
P. australis

P1.1
P1.1

P1.1
P1.1

3

P. canescens

P. digitalis

P1.1

P1.1

5
4

P. canescens
P. cardinalis

P. tenuis
P. barbatus

P1.1
H2

P1.1
H2

5

P. cardwellii

D

D

3
5

P. cardwellii
P. cardwellii
P.
centranthifolius
P.
centranthifolius

P. newberryi
P. rupicola

D
D

D
D

P. clevelandii

P6.2

P6.1

P. grinnellii

P6.2

P6.1
P6.1
P6.1
H1

Z

4
3

3
4

P. campanulatus
P. canescens

P. davidsonii

M
Tax.
P7.1
P7.2

P.
centranthifolius

P. spectabilis

P. clevelandii
P. clutei

P. floridus
P. compactus

P6.2
P6.1
P6.1

5
3
3

P. clutei
P. cobaea
P. cobaea

P. palmeri
P. campanulatus
P. cardinalis

P6.1
P4
P4

P6.1
P7.2
H2

4
5

P. cobaea
P. cobaea

P. grandiflorus
P. triflorus

P4
P4

P5
P4

5

P. cobaea

P. hartwegii

P4

P7.1

4
4

P. confertus
P. confertus

P. euglaucus
P. peckii

P1.2
P1.2

P1.2
P1.2

P. procerus
P. davidsonii

P1.2
P2.2

P1.2
D

5
3
3

5
4

P. confertus
P. crandallii
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W

Reference
APS 18 1959 p123
APS 40-2 1981 p60
APS 32 1973 p92, 33 1974
p48;;
Lindgren, 2006; APS 15 1956
p7
APS 33 1974 p93
APS 16-1957 pp I-g; 18 1959
p20-B;
APS 36 1977 p52; 37 1978
p58; 59-1 2000 p19;
Stevens et al., 2020;
Lindgren, 2006; paten; APS 33
1974 p88
APS 18 1959 p123; 19 1960
p16; 20 1961 p57;
Lindgren, 2006;
APS 48-2 1989 p68
Lindgren, 2006; APS 03 1947
p15; 14-1 1955 p34;
Lindgren, 2006; APS 14-1
1955 p34; 32 1973 p79; 48-2
1989 p91;
APS 53-2 1994 p39
BYU
Stevens et al., 2020; APS 17sub 1958 p81; 29 1970 p82;
46-1 1987 p16,17;
APS 25 1966 p20
APS 25 1966 p155
APS 13 1954 p106; 14-2 1955
p272; 29 1970 p46; 33 1974
p17; 52-1 1993 p64;
Lindgren, 2006;
Lindgren, 2006; APS 53-2
1994 p16;
Lindgren, 2006;
Lindgren, 2006;
APS 26 1967 p154; 27 1968
pp55,206;
Stevens et al., 2020;

Table A.2 (continued).
Y

X

Male Parent

F
Tax.

P. crandallii
P. cyananthus

P. procumbens
P. eatonii

P2.2
H1

P2.2
H2

P. cyananthus

P. perpulcher

P. cyaneus
P. cyaneus
P. cyaneus
P. davidsonii

P. barbatus
P. compactus
P. fremontii
P. eriantherus

H1
H1
H1
H1
D

H1
H2
H1
H1
P4

5

P. davidsonii

P. fruticosus

D

D

5

P. davidsonii

P. newberryi

D

D

5
4
3

P. davidsonii
P. deustus
P. digitalis

P. rupicola
P. richardsonii
P. barbatus

D
P1.8
P1.1

D
S1.2
H2

5

P. digitalis

P. gracilis

P1.1

P1.1

5
3
3
5

P. digitalis
P. digitalis
P. digitalis
P. eatonii

P. hirsutus
P. ovatus
P. unilateralis
P. barbatus

P1.1
P1.1
P1.1
H2

P1.1
P1.3
H1
H2

P. eatonii

P. cardinalis

P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. eatonii
P. elegantulus
P. elegantulus

P. centranthifolius
P. clutei
P. comarrhenus
P. compactus
P. cyaneus
P. floridus
P. laevis
P. petiolatus
P. scariosus
P. speciosus
P. spectabilis
P. subglaber
P. thompsoniae
P. wislizeni
P. hirsutus
P. serrulatus

H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
H2
P1.3
P1.3

H2
P6.2
P6.1
H1
H1
H1
P6.1
H1
P6.4
H1
H1
P6.1
H1
P2.2
H2
P1.1
S1.2

Z

Category Female Parent

4
3
5
2
2
1
3

5
4
3
2
2
3
4
5
3
5
2
4
1
2
4
3
3
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M
Tax.

W

Reference
Stevens et al., 2020; APS 30
1971pP40
BYU
Stevens et al., 2020; APS 55-1
1996 p15
BYU
BYU
BYU
APS 38-2 1979 p30
Lindgren, 2006; APS 18 1959
p140
APS 12 1953 p101; 19 1960
p47; 32 1973 p69; 53-1 1994
p20; APS 64-1 2005 p15;
Lindgren, 2006; APS 18 1959
p140
Stevens et al., 2020;
APS 16 1957 p152
APS 25 1966 pp161,194; 26
1967 p97;
Lindgren, 2006; APS 18 1959
P20-B; 21 1962 p123
APS 12-1953 p140
APS 17-1958 sup p80
APS 53-2 1994 p5
Stevens et al., 2020; APS 56-1
1997 p43; 57-2 1998 p19; 59-1
2000 p27
Stevens et al., 2020;
BYU
BYU
BYU
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;
BYU
APS 53-2 1994 p5
Stevens et al., 2020;
BYU
Stevens et al., 2020;
Stevens et al., 2020;
APS 56-1 1997 p40
APS 56-1 1997 p40

Table A.2 (continued).
Y
Z

Category Female Parent

X

Male Parent

F
Tax.

M
Tax.

5
2
3
3

P. ellipticus
P. eriantherus
P. eriantherus
P. fendleri

P. lyallii
P. cyaneus
P. nitidus
P. havardii

D
P4
P4
P5

D
H1
P5
P6.3

5
3

P. fendleri
P. filisepalis

P. secundiflorus
P. campanulatus

P5
P7.1

P5
P7.2

3

P. filisepalis

P. kunthii

P7.1

P7.2

3
1
3
5
3
3
3

P. filisepalis
P. fremontii
P. fruticosus
P. fruticosus
P. fruticosus
P. gentianoides
P. gentianoides

P. parryi
P. compactus
P. lyallii
P. rupicola
P. serrulatus
P. filisepalis
P. havardii

P7.1
H1
D
D
D
P7.1
P7.1

P6.2
H1
D
D
P1.2
P7.1
P6.3

P. parryi

P7.1

P6.2

4

P. gentianoides

3
3

P. gentianoides
P. glaber

P. strictus
P. caryi

P7.1
H1

H1
H1

5
3
3
3
3
3

P. glaber
P. gracilis
P. gracilis
P. gracilis
P. gracilis
P. gracilis

P. unilateralis
P. albertinus
P. alpinus
P. clutei
P. grandiflorus
P. pallidus

H1
P1.1
P1.1
P1.1
P1.1
P1.1

H1
P1.3
H1
P6.1
P5
P1.1

5
3

P. gracilis
P. grandiflorus

P. palmeri
P. cyaneus

P1.1
P5

P6.1
H1

P. murrayanus

P5

P6.3

P6.1
P6.1
P7.1
P7.1

H1
P6.1
P7.1
P1.1

5
4
2
3
3

P. grandiflorus
P. grinnellii

P. speciosus

P. grinnellii
P. hartwegii
P. hartwegii

P. spectabilis
P. gentianoides
P. hirsutus
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W

Reference
Lindgren, 2006; APS 47-2
1988 p3
BYU
APS 33 1974 p71
APS 25 1966 p151
APS 28 1969 p38; 29 1970
p78; 30 1971 p53; 31 1972
p39; 32 1973 p103; 39-2-1980
p25;
APS 32 1973 p16
APS 31 1972 p79; 32 1973
p102;
APS 32-1973 p92, 33
1974p48; 35 1976 p81; 39-1
1980 pp14,15;
BYU
APS 20 1961 p5; 25 1966 p99
Lindgren, 2006;
APS 43-1 1984 p15
APS 41-2 1982 p63
APS 25 1966 p151
Stevens et al., 2020; Partent;
APS 33 1974 p49
Stevens et al., 2020; APS 25
1966 p151
APS 51-1 1992 p8
APS 17-sup 1958 p18; 21
1962 p116; 23 1964 p72; 25
1966 p162;
APS 60-1 2001 P25
APS 60-1 2001 P25
APS 60-1 2001 P25
APS 60-1 2001 P25
APS 60-1 2001 p25
Stevens et al., 2020; APS 60-1
2001 p25
APS 60-1 2001 p25
Lindgren, 2006; APS 50-2
1991 p77
Lindgren, 2006; APS 03 1947
p15; 14-1 1955 p34;
APS 37 1978 p47
APS 59-1 2000 p23
APS 57-2 1998 p15

Table A.2 (continued).
Y

F
Tax.
P7.1
P6.3
P6.3
P6.3

X

P6.3

P6.1

P. havardii
P. havardii

P. palmeri
P.
pseudospectabilis
P. subulatus

P6.3
P6.3

P6.1
P6.2

5
4
3
5
3

P. heterophyllus
P. heterophyllus
P. hirsutus
P. hirsutus
P. hirsutus

P. richardsonii
P. spectabilis
P. brevisepalus
P. canescens
P. grandiflorus

S1.1
S1.1
P1.1
P1.1
P1.1

S1.2
P6.1
P1.1
P1.1
P5

5

P. hirsutus

P. pallidus

P1.1

P1.1

3

P. hirsutus

P. richardsonii

P1.1

S1.2

3
3

P. hirsutus
P. hirsutus

P. tenuis
P. tubaeflorus

P1.1
P1.1

P1.1
P1.4

3
3
3
3
3
3
3
1
1
2

P. humilis
P. labrosus
P. laevigatus
P. laevis
P. laevis
P. laevis
P. laevis
P. laevis
P. laevis
P. laevis

P1.3
H2
P1.1
H1
H1
H1
H1
H1
H1
H1

P1.2
H1
P1.1
H1
H1
P4
H1
P4
H1
S1.1

P. laevis
P. laevis
P. laevis

P. serrulatus
P. strictus
P. calycosus
P. comarrhenus
P. compactus
P. eriantherus
P. fremontii
P. nanus
P. navajoa
P. platyphyllus
P.
pseudospectabilis
P. scariosus
P. speciosus
P. subglaber

H1
H1
H1
H1

P6.1
H1
H1
H1

P. linarioides
P. linarioides
P. luculentus
P. murrayanus

P. crandallii
P. procumbens
P. eriantherus
P. parryi

P2.3
P2.3
H1
P6.3

P2.2
P2.2
P4
P6.2

Z

Category
4
3
3
5

Female Parent
P. hartwegii
P. havardii
P. havardii
P. havardii

Male Parent
P. laevigatus
P. buckleyi
P. cobaea
P. kunthii

5

P. havardii

5
3

3
2
1
1
5
4
3
3

P. laevis

125

M
Tax.
P1.1
P5
P4
P7.2

W

Reference
APS 27 1968 p55
APS 27 1968 p80
APS 25 1966 p152
APS 25 1966 pp165,151
Stevens et al., 2020; APS 25
1966 p151; 46-1 1987 pp16,17
Stevens et al., 2020; APS 251966 pp151,164
APS 25 1966 p165
Aps 13-1954 p129; 15 1956
p146; 29 1970 p99;
Lindgren, 2006;
Lindgren, 2006;
Lindgren, 2006;
APS 60-1 2001 p25
APS 18 1959 p140;37-1978
P71; 39-2 1980 pp14,15,30;
60-1 2001 p25;
APS 33 1974 p47; 39-1 1980
pp14,15;
APS 36 1977 p52; 37 1978
P58; 39-2 1980 p33;
APS 59-1 2000 p19
Stevens et al., 2020; APS 45-2
1986 p17
APS 29 1970 p85
APS 41-2 1982 p58
BYU
BYU
BYU
BYU
BYU
BYU
BYU
BYU
BYU
BYU
BYU
Stevens et al., 2020; APS 30
1971 p40; 35 1976 p84;
Stevens et al., 2020;
BYU
APS 36-1977 P57

Table A.2 (continued).
Y

X

Category Female Parent
3
P. oklahomensis

Male Parent
P. hirsutus

F
Tax.
P1.1

5
3
3

P. oklahomensis
P. oklahomensis
P. oliganthus

P. pallidus
P. tenuis
P. unilateralis

P1.1
P1.1
P1.3

P1.1
P1.1
H1

3

P. ovatus

P. alpinus

P1.3

H1

5

P. ovatus

P. rydbergii

P1.3

P1.2

5

P. ovatus

P. serrulatus

P1.3

S1.2

3

P. ovatus

P. virens

P1.3

P1.3

4
3
5
3
3

P. ovatus
P. pachyphyllus
P. pachyphyllus
P. pallidus
P. pallidus

P. speciosus
P. compactus
P. scariosus
P. arkansanus
P. grandiflorus

P1.3
P5
P5
P1.1
P1.1

H1
H1
H1
P1.1
P5

5

P. palmeri

P. campanulatus

P6.1

P7.2

4
3
3

P. palmeri
P. palmeri
P. palmeri

P. centranthifolius
P. cobaea
P. compactus

P6.1
P6.1
P6.1

P6.2
P4
H1

5
4
4
3

P. palmeri
P. palmeri
P. palmeri
P. palmeri

P. eatonii
P. floridus
P. gentianoides
P. gibbensii

P6.1
P6.1
P6.1
P6.1

H2
P6.1
P7.1
H1

4
5
3
2

P. palmeri
P. palmeri
P. palmeri
P. palmeri

P6.1
P6.1
P6.1
P6.1

P7.2
H1
H1
P5

5

P. palmeri

P. kunthii
P. laevis
P. luculentus
P. pachyphyllus
P.
pseudospectabilis

P6.1

P6.1

5
5
1

P. palmeri
P. palmeri
P. palmeri

P. parryi
P. petiolatus
P. rostriflorus

P6.1
P6.1
P6.1

P6.2
P6.4
S2

Z
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M
Tax.
P1.1

W

Reference
APS 44-2-1985 p48
APS 25 1966 p194; 26 1967
p97, 43-2 1984 p36;
APS 44-2 1985 p48
APS 34 1975 p26
APS 19 1960 p16; 26 1967
p154
Stevens et al., 2020; APS 56-1
1997 p40
APS 17-sup 1958 p122; 18
1959 pp122, 124; 56-1 1997
p40
APS 37 1978 p39; 65 1977
p70
Stevens et al., 2020; APS 251966 p150-B; 26-1967 p99
Stevens et al., 2020;
BYU
APS 41-2 1982 p65
APS 60-1 2001 p25
Stevens et al., 2020; APS 25
1966 p30; 39-1 1980 pp14,15
Stevens et al., 2020; APS 532-1994 p4
APS 25 1966 pp152, 163
BYU
Stevens et al., 2020; 3, APS
30-1971 p60; 31 1972 p74; 461 1987 pp16,17;
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020; APS 46-1
1987 p16,17
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;3; APS
46-1 1987 P16,17;
Lindgren, 2006; Stevens et al.,
2020; partent; APS 31 1972
p13
Stevens et al., 2020;3
BYU

Table A.2 (continued).
Y
Z

Category Female Parent
3
P. palmeri
3
P. palmeri
P. palmeri

Male Parent
P. scariosus
P. smallii

F
Tax.
P6.1
P6.1

X

P6.1
H1

M
Tax.
H1
P1.1

P. spectabilis

5
1

P. palmeri

P. strictus

P6.1
P6.1

4

P. palmeri

P. subulatus

P6.1

P6.2

4

P. palmeri

P. utahensis

P6.1

P6.2

5
3

P. parryi
P. peckii

P6.2
P1.2

P6.2
P1.2

P. petiolatus
P. pinifolius
P. pinifolius

P. superbus
P. cinicola
P.
pseudospectabilis
P. sepalulus
P. barbatus
P. roezlii

P6.4
P6.4
P7.1
P7.2

P6.1
S1.1
H2
S1.1

5
4

P. pratensis
P. procerus

P. humilis
P. albertinus

P1.2
P1.2

P1.3
P1.3

5
5

P. procerus
P. procerus
P.
pseudospectabilis
P.
pseudospectabilis

P. humilis
P. rydbergii

P1.2
P1.2

P1.3
P1.2

P6.1

H2

P6.1

H1

2
1
3
3

1
3

P. petiolatus

P. barbatus

5

2
2

P.
pseudospectabilis P. spectabilis
P.
pseudospectabilis P. subulatus
P. richardsonii
P. elegantulus

P. roezlii

BYU
APS 50-1-1991 P46
APS 43-2 1984 p36
Stevens et al., 2020; APS 561-1997 p37; 62-2 2003 p17
Stevens et al., 2020;
Lindgren, 2006; Stevens et al.,
2020;
Stevens et al., 2020;
BYU

P6.1

H2

Lindgren, 2006; Stevens et al.,
2020;3; APS 03 1947 p15; 15
1956 p8; 18 1959 p109; 26
1967 p92; 30 1971 p59; 31
1972 p75; 33 1974 p16;

P6.1

P6.1

Stevens et al., 2020;

P6.1
S1.2

P6.2
P1.3

S1.2
S1.1

S1.2
S1.1

APS 25 1966 p152
APS 56-1 1997 p40
APS 19 1960 p16; 21 1962
p116; 23 1964 pp99,109; 33
1974 p49; 36 1977 p26; 57-2
1998 p16; 59-1 2000 p20;
APS 53-2 1994 p30

P. richardsonii
5
3

Reference
Stevens et al., 2020;
APS 57-2 1998 p15
Lindgren, 2006; Stevens et al.,
2020; APS 03 1947 p15, 14-1
1955 p34, 15 1956 p8; 25
1966 p153; 46-1 1987 p16,17;
50-2 1991 p91; 54-1 1995 p29;
BYU
Stevens et al., 2020; APS 25
1966 p151; 46-1 1987 p16,17;
Stevens et al., 2020; APS 29
1970 p83
APS 18 1959 p142; 48-2 1989
pp76,77
APS 17-sup 1958 p113
BYU

BYU

P. comarrhenus

P.
P. eatonii
pseudospectabilis

4

W

P. serrulatus
P. azureus
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Table A.2 (continued).
Y
Z

Category
3
3
4
4
4
5
3
3
4
3
4
3
3
3
3
3
3
3
3
5
3
3
3
3
3
3

F
Tax.
S2
S2
D

X

M
Tax.
S1.1
S1.1
D

Female Parent
P. rostriflorus
P. rostriflorus
P. rupicola

Male Parent
P. sepalulus
P. heterophyllus
P. barrettiae

P. rupicola

P. newberryi

P. rupicola

P. richardsonii

D
D

D
S1.2

P. rydbergii
P. scariosus
P. scariosus
P. scariosus
P. serrulatus
P. serrulatus
P. serrulatus
P. serrulatus
P. serrulatus
P. serrulatus
P. serrulatus
P. serrulatus
P. smallii
P. smallii

P. elegantulus
P. fremontii
P. luculentus
P. parryi
P. barrettiae
P. cardwellii
P. cobaea
P. globosus
P. parvulus
P. rupicola
P. smallii
P. unilateralis
P. canescens
P. digitalis

P1.2
H1
H1
H1
S1.2
S1.2
S1.2
S1.2
S1.2
S1.2
S1.2
S1.2
P1.1
P1.1

P1.3
H1
H1
P6.2
D
D
P4
P1.2
S1.1
D
P1.1
H1
P1.1
P1.1

P1.1
P1.1
H1
H1
P6.1
H1
H1

P1.1
P1.3
H2
H1
P6.1
H1
H1

H1
H1
H1

P6.1
H1
H1

P. smallii

W

Reference
Stevens et al., 2020;
Stevens et al., 2020;
Lindgren, 2006;
Lindgren, 2006; APS 17-sup
1958 p99
Lindgren, 2006;
Stevens et al., 2020; APS 56-1
1997 p40
BYU
BYU
Stevens et al., 2020;
APS 18 1959 p122
APS 19 1960 p25
APS 18 1959 p122
APS 22 1963 p140
APS 25 1966 p169
APS 19 1960 p25
APS 19 1960 p16
APS 18 1959 p122
APS 22 1963 p96
APS 12 1953 p140
Stevens et al., 2020; Partent,
APS 31 1972 pp55, 75
APS 56-1 1997 p5
APS 44-2 1985 p46
APS 30 1971 p43
APS 48-2 1989 p68
APS 19 1960 p61
APS 25 1966 p152

3
3
3

P. strictus
P. strictus
P. subglaber

P. hirsutus
P. ovatus
P. barbatus
P. glaber
P. clevelandii
P. alpinus
P. mensarum
P.
pseudospectabilis
P. unilateralis
P. compactus

4

P. subglaber

P. cyaneus

H1

H1

4

P. subglaber

P. strictus

H1

H1

4

P. subglaber

P. wislizeni

H1

H2

5

P. subserratus

P1.3

P1.2

3
2

P. subserratus
P. tidestromii

P. euglaucus
P.
pseudospectabilis
P. cyaneus

APS 47-2 1988 p23
APS 15 1956 p19
Stevens et al., 2020;
Stevens et al., 2020; APS 57-2
1998 p19
Stevens et al., 2020; APS 57-2
1998 p19
Stevens et al., 2020; APS 57-2
1998 p19
APS 31 1972 p75; 33 1974
p48; 39-1 1978 pp14,15.

P1.3
H1

P6.1
H1

APS 32 1973 p112
BYU

P. smallii
P. speciosus
P. speciosus
P. spectabilis
P. strictus
P. strictus
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Table A.2 (continued).
Y
Z

Category
3
4
3

Female Parent
P. triphyllus
P. tubaeflorus
P. tubaeflorus

3
3
3
5
3
3

P. unilateralis
P. watsonii
P. watsonii
P. watsonii
P. whippleanus
P. whippleanus
Flathead Lake
complex (FL)
FL
FL
FL

3
3
3
5
3
3
3
3
3
3
2
3
3
3
2
3
3

FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL
FL

3

X

Male Parent
P. richardsonii
P. cobaea
P. digitalis

F
Tax.
S1.2
P1.4
P1.4

P. labrosus
P. caespitosus
P. pratensis
P. rydbergii
P. rattanii
P. serrulatus

H1
P1.2
P1.2
P1.2
P1.3
P1.3

H2
P2.2
P1.2
P1.2
P1.3
P1.2

P. albidus
P. alpinus
P. ambiguus

Hyb
Hyb
Hyb
Hyb

P4
H1
P2.4

P. barbatus
P. brandegeei
P. comarrhenus
P. canescens
P. cobaea
P. cardinalis
P. caryi
P. digitalis

Hyb
Hyb
Hyb
Hyb
Hyb
Hyb
Hyb
Hyb

P. eatonii
P. eriantherus

Hyb
Hyb

P. glaber
P. haydenii
P. hirsutus
P. isophyllus

Hyb
Hyb
Hyb
Hyb

P. labrosus

3
3
2

FL
FL
FL
FL
FL

H2
H1
H1
P1.1
P4
H2
H1
P1.1
H2
P4
H1
P5
P1.1
P7.1
H2

FL
3
2
2

M
Tax.
S1.2
P4
P1.1

Hyb
P. neomexicanus
P. ovatus
P. palmeri
P. payettensis
P. secundiflorus
P. serrulatus
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Hyb
Hyb
Hyb
Hyb
Hyb

H1
P1.3
P6.1
H1
P5
S1.2

W

Reference
APS 27 1968 p30
Lindgren, 2006;
APS 51-1 1992 p33
APS 19 1960 p11; 20 1961
p21; 21 1962 p8
APS 17-sup 1958 p41
Stevens et al., 2020;
Stevens et al., 2020;
Stevens et al., 2020;
APS 56-1 1997 p40
Penstemon in your garden by
Glenn Viehmeyer, 1961
Aps 13 1954 p59
APS 31 1972 p90
Aps 13 1954 p59, The
American Naturalist, 1958
pp126-137
APS 32 1973 p18
APS 33 1974 p17
APS 13 1954 p59
APS 17 1958 p42
APS 33-1974 P16
APS 29-1970 P83
APS 17-sup 1958 pp80, 126
Penstemon in your garden by
Glenn Viehmeyer, 1961
APS 16 1957 pI-b
The American Naturalist, 1958
pp126-137
APS 31 1972 p14
APS 20 1961 p5
APS 19 1960 p11; 20 1961 p6
Penstemon in your garden by
Glenn Viehmeyer, 1961
APS 32 1973 p7-B; 36 1977
p84; 16 1957 pI-b
APS 17-sup 1958 p140
APS 33-1974 P76
Penstemon in your garden by
Glenn Viehmeyer, 1961
APS 16 1957 pI-b
APS 17-sup 1958 p140

Table A.2 (continued).
Y
Z

Category Female Parent

3

FL
FL

3

Male Parent

P. speciosus

3

X

Hyb
Hyb

H1

P. strictus
FL
FL

M
Tax.

H1

FL
3
2

F
Tax.

Hyb
P. triflorus
P. tubaeflorus

Hyb
Hyb

P. unilateralis

P4
P1.4
H1

Z

W

Reference
APS 16 1957 pI-b; The
American Naturalist, 1958
pp126-137; Penstemon in your
garden by Glenn Viehmeyer,
1961
APS 18 1959 p85; 31 1972
p91; 13 1954 p59
Penstemon in your garden by
Glenn Viehmeyer, 1961
APS 21 1962 p24
APS 13 1954 p59; 31 1972
p91

Hybridization success: The category description of interspecific crossing reliability (Table 4.1)
Female parent taxonomy
X
Male parent taxonomy
W
Reference; American Penstemon Society references are displayed as APS bulletin number year
page number. BYU references crosses conducted at Brigham Young Univeristy.
Y

130

APPENDIX B
SUPPLEMENTAL TABLE AND FIGURE FOR CHAPTER III

131

Table B.1

Primer sequences.

Target
CENH3
CENH3 (nested)
M13
Table B.2

Forward primer (5ʹ to 3ʹ)
TTTCCATGGCGAGAACCAAAC
CCCTTCAGCTTCAACTCC
TGTAAAACGACGGCCAGT

Reverse primer (5ʹ to 3ʹ)
GGCCGCCCTYTACCTCCAAT
AGCATTGCCTCTTCAAAC
CAGGAAACAGCTATGACC

Taxonomic code designations for Penstemon.

Abbreviation
D
I
H1
H2
P1.1
P1.2
P1.3
P1.8
P2.2
P2.3
P4
P5
P6.1
P6.2
P6.4
S1.1
S1.2
S2

Subgenus
Dasanthera
Dissecti
Habroanthus
Penstemon

Section
Habroanthus (Glabri)
Elmigera
Penstemon

Ericopsis
Cristati
Coerulei
Peltanthera
Saccanthera

Saccanthera
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Subsection

Penstemon
Proceri
Humiles
Deusti
Caespitosi
Linarioides
Peltanthera
Centranthifolii
Petiolati
Saccanthera
Serrulati
Bridgesiani

Table B.3
zAccession

110
427
424
W6 44429
171
79
199
139
W6 45356
W6 50719
W6 49830
240
188
7
104
W6 48612
W6 43162
112
226
262
417
301
16
W6 45776
W6 49475
50
14
70
73
72

Number of unique CENH3 sequences obtained per accession.
Species
P. angustifolius var.
dulcis
P. attenuatus var.
militaris
P. attenuatus var.
pseudoprocerus
P. barbatus
P. barbatus var.
torreyi
P. barbatus var.
trichander
P. canescens
P. carnosus
P. centranthifolius
P. cobaea
P. comarrhenus
P. comarrhenus
P. compactus
P. confusus
P. cyanocaulis
P. deustus
P. deustus var.
pedicellatus
P. dolius
P. eatonii
P. eatonii var.
exsertus
P. filiformis
P. fremontii var.
fremontii
P. gibbensii
P. heterophyllus
P. humilis
P. idahoensis
P. laevis
P. leiophyllus var.
leiophyllus
P. leiophyllus var.
leiophyllus
P. higginsii

Taxonomy CENH3a cenh3aΔ
P5
2
P1.2

1

P1.2

2

H2
H2

1
1

H2

1

P1.1
P5
P6.2
P4
H1
H1
H1
P6.2
H1
P1.8
P1.8

1
1
4
2
2
1
1

P4
H2
H2

2
1
1

S1.1
H1

1

H1
S1.1
P1.3
H1
H1
H1

2
1
1
1
1
1

CENH3b cenh3bΔ

1

2

1
1
1

1
1

1

1
1

H1

2

1
1
1

1
1
1

S1.1

1
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Table B.3 (continued).
zAccession

258
85
66
409
425
81
204
78
W6 45358
W6 44433
12
W6 49571
76
506
428
416
10.4
8
267
267
263
26
196
299
299
250
283
544
60
550
451
77
176

Species
P. linarioides
P. linarioides var.
sileri
P. longiflorus
P. montanus
P. montanus
P. montanus var.
montanus
P. nanus
P. navajoa
P. newberryi
P. nitidus
P. pachyphyllus var.
congestus
P. pallidus
P. parvus
P. pennellianus
P. perpulcher
P. personatus
P. petiolatus
P. pinorum
P. platyphyllus
P. platyphyllus
P. pseudospectabilis
P. radicosus
P. rostriflorus
P. scariosus var.
albifluvis
P. scariosus var.
albifluvis
P. scariosus var.
garrettii
P. scariosus var.
scariosus
P. scariosus
P. sepalulus
P. smallii
P. speciosus
P. strictiformis
P. strictus

Taxonomy CENH3a cenh3aΔ
P2.3
1
P2.3

CENH3b cenh3bΔ

H1
D
D
D

1

1
1
1
2

P4
H1
D
P5
P5

1

1
2
2

3
1

1
1
1

1

1

P1.1
H1
H1
H1
I
P6.4
P4
S1.1
S1.1
P6.1
P1.3
S2
H1

1
1

1
2
3
1
1

1
2
1
1
2
2

1
1
1
1

1

H1

2

H1

1

H1

1

H1
S1.1
P1.1
H1
H1
H1

1
1
1
4
1
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1
1
1
1

1

1
1

1
1

1
1

1

1
1

Table B.3 (continued).
zAccession

Species
Taxonomy CENH3a cenh3aΔ CENH3b cenh3bΔ
331NV
P. subglaber
H1
1
58
P. subglaber
H1
1
340
P. thompsoniae
P2.2
3
2
128
P. tidestromii
H1
1
1
415
P. venustus
S1.2
1
W6 45145 P. virens
P1.3
1
47
P. wardii
H1
1
1
W6 49478 P. watsonii
P1.2
1
67
P. whippleanus
P1.3
1
z
Accessions obtained from Germplasm Resource Information Network – Global begin with
“W6”.
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Table B.4

Intraspecific single nucleotide polymorphisms in properly spliced CENH3 transcripts

Species

Accession

zUnique

sequences
P. angustifolius var. dulcis

P. attenuatus var.
pseudoprocerus

110

424

2

2

Gene and
length (bp)

SNP

yLocation

CENH3a (439)

C to T

56

N-tail

NS

C to T

201

HFD

S

A to G

387

L2

S

C to G
A to G;
C to T
G to T
A to T
C to T
Indel
A to G
A to G
A to G
A to T
A to G

263
268; 269

α1
α1

NS
NS

310
375
42
52-54
161/164
192/195
211/214
258/261
159

α2
α2
N-tail
N-tail
N-tail
HFD
L0
α1
N-tail

NS
S
S

Indel

52-54

N-tail

A to G
A to G
A to G
C to G
C to T

141
211/214
252/255
324/327
393/396

N-tail
L0
α1
α2
L2

CENH3a (439)

P. attenuatus var.
427; 424
militaris; P. attenuatus var.
pseudoprocerus

2

CENH3a (436;
439)

P. barbatus var. torreyi; P.
barbatus var. trichander
P. centranthifolius

44429; 79

2

CENH3a (439)

45356

4

P. centranthifolius

45356

4

CENH3a (439;
436)
CENH3a (439;
436)
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(bp) Motif

xType

NS
S
NS
S
S

S
NS
S
S
S

Table B.4 (continued).
Species

Accession

zUnique

sequences

Gene and
length (bp)

SNP

yLocation

G to T
C to G
A to G
A to G;
A to T
A to G
C to T
A to C
A to G
A to G
A to G
A to G
A to T
A to G
A to T
C to G
C to G
A to G
A to C
C to T
A to G
A to G
A to G
C to T

36
273
390
397; 399

N-tail
α1
L2
L2

S
S
S
NS

328
372
15
60
278
306
332
17
51
86
143
268
276
327
42
263
291
312
90

α2
α2
N-tail
N-tail
L1
α2
α2
N-tail
N-tail
N-tail
N-tail
α1
L1
α2
N-tail
α2
α2
α2
N-tail

NS
S
NS
S
NS
S
NS
NS
S
NS
NS
NS
S
S
S
NS
S
S
S

P. cobaea

50719

2

CENH3a (442)

P. comarrhenus

49830; 240

2

CENH3a (439)

P. dolius

112

2

CENH3a (439)

P. eatonii; P. eatonii var.
exsertus
P. gibbensii
P. montanus; P. montanus
var. montanus

21; 262

2

CENH3a (436)

16
425; 409;
81

2
2

CENH3a (439)
CENH3a (439)

P. montanus var. montanus

81

2

CENH3b (367)

P. nanus

204

2

CENH3b (367)
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(bp) Motif

xType

Table B.4 (continued).
Species
P. navajoa

P. pennellianus
P. perpulcher
P. pinorum
P. pseudospectabilis
P. radicosus

Accession
78

506
428
8
263
26

zUnique

sequences
4

2
2
2
2
2

Gene and
length (bp)
CENH3a,
CENH3aΔ (439)
with CENH3a
(436)

CENH3a (436)
CENH3a (439)
CENH3a (439)
CENH3a (439)
CENH3a (439)
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SNP

yLocation

C to G

59

N-tail

NS

A to G

64

N-tail

NS

A to G
(CENH3
a vs
CENH3
a )
A to G
(CENH3
a vs
CENH3
aΔ)
A to G
(436 bp
of
CENH3
a vs 439
bp of
CENH3
a)
C to T

270

α1

NS

294

L1

NS

327/330

α2

S

340

α2

S

A to G
A to G
A to G
C to T
C to T

234
44
380
289
326

α1
N-tail
α2
L1
α2

S
NS
NS
NS
NS

(bp) Motif

xType

Table B.4 (continued).
Species
P. scariosus var. albifluvis;
P. scariosus var. scariosus
P. scariosus; P. scariosus
var. albifluvis
P. strictiformis

Accession
299; 7
544; 299

zUnique

sequences
2

Gene and
length (bp)
CENH3a (436)

2

CENH3b (367)

SNP

yLocation

A to G

129

(bp) Motif
N-tail

xType

S

C to T
320
L2
NS
A to G
354
α3
S
77
4
CENH3a (439)
A to G
64
N-tail
NS
C to G
270
α1
S
A to G
287
L1
NS
A to T
396
L2
S
P. thompsoniae
340
3
CENH3b
A to G
35
N-tail
NS
C to T
66
N-tail
S
A to C
196
α1
NS
z
Number of unique sequences used for SNP detection; 100% homologous sequences were excluded.
y
CENH3a motif location (bp): N-tail (1-163), L0 (208-228), α1 (229-273); L1 (274-300); α2 (301-384); L2 (385-402); α3 (403-429).
CENH3b motif location (bp): N-tail (1-90), L0 (136-156), α1 (157-201); L1 (202-228); α2 (229-312); L2 (313-330); α3 (331-357).
x
Non-synonymous SNP (NS); synonymous SNP (S)
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Figure B.1

Predicted secondary structure based on translated cDNA of Penstemons’ CENH3s.

(A) 146-amino acid (aa) CENH3a; (B) 145-aa CENH3a; (C) 122-aa CENH3b.
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APPENDIX C
TRANSFORMATION OF PENSTEMON’S CENH3 IN ARABIDOPSIS THALIANA
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Vector construction
Functional analyses are aided typically conducted using complementing functional genes
into corresponding mutant lines. To prepare for future work in functionally characterizing CENH3
we conducted the following methods. To construct the CENH3 transformation vectors, we used
previously amplified coding sequences of CENH3 obtained from Penstemon spp that were cloned
into TOPO TA-cloning vector. SalI and XbaI restriction sites were added to the coding sequence
of Penstemons’ CENH3 using forward and reverse primers that contained these restrictions sites
at the 5-ends (named CENH3F-SalI and CENH3R-XbaI; Table C.1). PCR samples were verified
using gel electrophoresis. The separated bands were cut from the gel and purified using a QIAquick
gel extraction kit (Qiagen, Hilden, Germany). For pCambia 1300-93::CENH3 vector construction,
pCambia 1300-93 and PCR CENH3-restriction-site-containing amplicons were double-digested
with SalI and XbaI in NEBuffer 3.1 (New England Biolabs, Ipswich, MA; Figure C.1). The doubledigested vector and PCR fragments were purified using standard DNA ethanol precipitation
methods. The digested CENH3 fragments were ligated between the SalI and XbaI sites of the
pCambia 1300-93 vector using T4 DNA ligase (Promega, Madison, WI) and an insert:vector ratio
of 3:1.
After ligation at 4 °C overnight, the vectors were transformed into E. coli (DH5α; Life
Technologies, Carlsbad, CA, USA) and plated on selective Luria Bertani (LB) agar (10 g·L⁻1
tryptone, 5 g·L⁻1 yeast extract, 10 g·L⁻1 NaCl, 15 g·L⁻1 agar, pH 7.0) containing 50 mg·L⁻1
kanamycin. After plating 100 ꭒl, the bacteria were grown at 37 °C overnight. To screen colonies
for successful transformation, PCR was used (Table C.1).
Up to 10 transformed colonies from each PCR reaction were screened for the presence of
a complete promoter::GFP::CENH3::terminator insert. Vectors were isolated from successfully
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cloned colonies using a QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany) and sequenced in
both directions using both forward and reverse primers of Arabidopsis promoter, terminator, and
Penstemon CENH3 (Table C.1). Low-quality sequence ends were trimmed, and the forward and
reverse reads were aligned. The samples containing the promoter-GFP-CENH3-terminator insert
were used for the next step.
Agrobacterium tumefaciens and Arabidopsis thaliana genetic transformations
Recombined

pCambia

1300-93::CENH3

vectors

were

used

to

transform

competent Agrobacterium tumefaciens cells (strain GV3101) by electroporation at 2500 V, using
a Gene Pulser Xcell Electroporator (Bio-rad Hercules, CA). Transformed colonies were plated on
selective LB medium containing kanamycin (50 mg·L⁻1), rifampicin (10 mg·L⁻1), and gentamicin
(25 mg·L⁻1). PCR was used to select successfully transformed colonies (Table C.1).
Agrobacterium tumefaciens colonies containing the recombined construct were grown in 3
ml of selective LB medium (50 mg·L⁻1 Kan, 25 mg·L⁻1 Gen, and 10 mg·L⁻1 Rif), and incubated at
28 ℃, shaking at 225 rpm for 24 h. Then, 200 ul of liquid culture was plated on another selective
LB plate (50 mg·L⁻1 Kan, 25 mg·L⁻1 Gen, and 10 mg·L⁻1 Rif), and incubated at 28 ℃ for 2 days
until a bacterial lawn has formed. Then, a sterile loop was used to scrap off the culture from the
plate and mixed with 7.5 ml of inoculation medium (5% sucrose, 0.05% Silwet L-77, and 200 µM
acetosyringone). The media was then brought up to a volume of 30 mL using additional inoculation
medium. An aliquot was then removed and diluted using inoculation medium to an OD600 of 0.8.
Approximately 100 to 300 μl inoculum was applied to the inflorescence of
wildtype A. thaliana Col-1 and A. thaliana cenh3-1 lines. They were then covered with a clear
plastic bag and were then placed in the dark for 12 h. Plants were then transferred to a greenhouse.
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When the plants produced mature siliques, they were harvested separately to generate different
lines of A. thaliana.
Selection of transformed seeds
Seeds were harvested from mature siliques and sterilized using a standard protocol. Briefly,
seeds were washed with 1 ml 70% ethanol in a 2.5-ml tube by gently pipetting up and down about
10 times. The ethanol was removed after 90 seconds. Then 1 ml of 30% bleach solution was added
and vortexed to briefly mix. They were then incubated at room temperature in a shaking incubator
for 5 min at 250 rmp. Finally, the tubes were centrifuged for couple seconds to collect the seeds.
The bleach was removed with a pipette and the seeds were rinsed with autoclaved water using a
vortex and a centrifuge to collect the seeds. Seeds were rinsed using this method a total of 5 times.
Disinfected seeds were plated on 0.8% basic agar medium (1mM KNO3, 0.8% Agar, and 100 ml/L
cefotaxime sodium) with 20 μg/ml hygromycin B. They were grown in a growth chamber set at a
temperature of 22 °C and provided with 16/8 h light/day photoperiod. Fourteen days after
germination, large seedlings were selected and transferred to 40-cm pots containing Pro-mix MB
(Premier Tech Horticulture; Saskatchewan Canada). Plants were grown in growth chambers
(Percival Scientific) at 22 °C and 16/8 h light/dark photoperiod. Pollination bags were used to
prevent cross pollination. Siliques were harvested from each line.
DNA extraction and sequence verification
DNA was extracted from plant leaves using a DNeasy Plant Mini kit (Qiagen, Hilden,
Germany) and sequenced using both forward and reverse primers of Penstemon CENH3 (Table
C.2). PCR samples were loaded on the agarose gel and separated using electrophoresis for
verification. Then the samples were purified by using QIAquick gel extraction kit (Qiagen, Hilden,
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Germany), and sequenced using both forward and reverse primers of Penstemon CENH3 (Table
C.2).
Results
CENH3a from P. humilis was successfully transformed into Arabidopsis plants (Table
C.3). There are at least ten additional samples from which a positive PCR band was obtained for
CENH3 (Table C.4). These samples need to be further verified using genetic sequencing.
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Table C.1

Primer sequences for vector construction

Primer name
Ter-Simon F
Ter-Simon R
CENH3F SalI
CENH3R XbaI
Arab. CENH3 F Promoter
Arab. CENH3 R Promoter

Table C.2

Primer sequences list for sequence verification.

Primer name
CENH3aF
CENH3aR
CENH3bF
CENH3bR
CENH3 47-2R

Table C.3

Primer sequences (5ʹ to 3ʹ)
AACTCACTCACTATTCACATCTCT
ACAAATGTTTTATGCGAATTATCA
ATGCTAGTCGACTCCATGGCGAGAACCAAAC
ATAATCTAGATCACMAMGGCCGCCCTYTACCTCCA
AAGCTTCTCCAATCTACCACTAAT
TGATTTTTACTGCTGGAGAAATC

Primer sequences (5ʹ to 3ʹ)
WACCYGCAAGRAAAAATCTKGGCC
TGGCCAACTCAAAATCCTTTTTCAYC
ATTCCGCMGTACGGAAAARC
GGGCCAGCTCAAAATCCTTTTTCATC
GGGCCAGCTCAAAATCCTTTTTCA

Successfully transformed Arabidopsis plants containing Penstemon CENH3.

CENH3 in penstemon
P. humilis

CENH3 type
CENH3a
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Sample code
49475-4-10

Arabidopsis line
A. col

Table C.4

Putatively transformed Arabidopsis plants containing Penstemon CENH3 based on
PCR and gel electrophoresis.

CENH3 in penstemon

CENH3 type

P. humilis
P. humilis
P. newberryi

CENH3a
CENH3a
CENH3a

P. scariosus
P. montanus var.
montanus
P. montanus var.
montanus
P. cobaea

CENH3a
CENH3a

P. pseudospectabilis

CENH3a

P. wardii

CENH3b stop

CENH3a
CENH3a
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Sample
code
49475-4-10
49475-4-1
45358-2-1a;
45358-2-3a
544-1-2a
81-4-2a;
81-4-4a
81-4-2a

Arabidopsis line

50719-2-1a;
50791-2-2a
263-9-1a;
263-9-3a
47-2-2a

A. cenh3

A. cenh3
A. col
A. cenh3
A. cenh3
A. cenh3
A. col

A. cenh3
47-2-2a

Figure C.1

Vector map of pCambia 1300 #93.

This vector contains the native CENH3 A. thaliana promoter (green), Green Fluorescent Protein
(orange), restriction sites (yellow), and native CENH3 terminator of A. thaliana (red).
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